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Abstract 
Premature birth (< 37 weeks of gestational age) is a leading contributor to neonatal 
morbidity and mortality worldwide.  A major challenge in managing neonatal health is to 
provide adequate and appropriate nutrition such that growth and development are supported in a 
manner as close to in utero as possible.  However, it is difficult to establish postnatal nutritional 
delivery in premature infants due to their inability to ingest nutrients.  Enteral feeding is the gold 
standard for such patients, but their small size and fragility present significant challenges in 
nasogastric and particularly nasojejunal (NJ) feeding tube placement.  Inadvertent feeding tube 
placement in the respiratory tract is common and can lead to pneumothorax.   
There are several methods to ensure correct placement of NJ tubes, but fluoroscopic 
guidance is the only real-time visualization methodology used clinically.  Fluoroscopic 
placements are limited by the lack of soft tissue contrast and the exposure of the neonate to 
ionizing radiation.  Frequently, NJ feeding tubes are displaced due to coughing, vomiting, and/or 
baby movement resulting in repeated tube placements and a significant cumulative X-ray dose.   
Magnetic resonance (MR) has the significant advantage of not requiring exposure of the 
neonate to ionizing radiation, allowing for repeated procedures and imaging when required.  
Additionally, MR imaging is superior to fluoroscopy in anatomical resolution and soft-tissue 
visualization.  This dissertation investigates the hypothesis that magnetic resonance can be used 
to guide nasojejunal feeding tube placements in neonates providing improved device 
visualization over fluoroscopic methods without ionizing radiation if certain challenges are 
overcome.  These challenges include: 1) the size mismatch between an adult-sized MR scanner 
and the neonate, 2) inaccuracies in active MR tracking caused by non-ideal conditions, 3) 
radiofrequency heating of conducting wires used to connect MR tracking coils to the MRI 
system, and 4) design of NJ tubes which can be reliably placed under MR-guidance. 
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 This research addressed the aforementioned challenges in an attempt to make a neonatal 
MR-guided NJ feeding tube placement a reality.  First, two novel small-footprint neonatal MRI 
scanners were designed and built.  These scanners allowed for the first time the ability to 
perform MR-guided interventions on neonates.  Second, the accuracy and precision of MR 
device tracking was improved with two novel methods: centroid pixel and micro-transmit 
tracking.  These methods are important when an interventional device encounters non-ideal 
conditions within the body.  Third, several innovative methods to reduce radiofrequency (RF) 
heating of the conducting wires used to connect MR tracking coils to the MRI system were 
designed and evaluated experimentally.  Fourth, a novel MR-guidable feeding tube and 
guidewire with integrated MR tracking coils were designed, built, and evaluated.  Lastly, the 
feasibility of a MR-guided neonatal NJ feeding tube placement was assessed experimentally with 
an animal model. 
 The research performed in this dissertation demonstrated the feasibility and benefits 
offered by an MR-guided approach to NJ feeding tube placement.  The ability to acquire high-
quality MR images of soft tissue without ionizing radiation coupled with accurate three-
dimensional device tracking promises to have a powerful and sustained impact on future 
neonatal interventions. 
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plane and 2 mm through-plane, echo train length 4, receiver bandwidth 65 kHz, number of  acquisitions 2, 
scan time 4 min 42 seconds. 
 
Figure 2.3-5 Coronal spin density (a) and sagittal T2-weighted (b) images of the spine. No anterior 
saturation pulse was applied. Acquisition parameters: a fast spin-echo inversion recovery, TR 4,000 ms, 
TI 155 ms, TE 7.5 ms, FOV 145 mm, matrix 192×256, slice thickness 3.5 mm, voxel size 0.76×0.57 mm 
in-plane and 3.5 mm through-plane, echo train length 6, receiver bandwidth 50 kHz, number of 
acquisitions 2, scan time 4 min 16 s; b fast spin-echo, TR 4,000 ms, TE 120 ms, FOV 145 mm, matrix 
256×256, slice thickness 3 mm, voxel size 0.57×0.57 mm in-plane and 3 mm through-plane, echo train 
length 12, receiver bandwidth 50 kHz, number of acquisitions 2, scan time 4 min 16 seconds. 
 
Figure 2.3-6 Coronal T2-weighted images of the lungs in the same animal acquired 3 h (a) and 6.5 h (b) 
postpartum show decreasing pulmonary parenchymal signal and interstitial markings, indicating the 
gradual elimination of fluid from the interstitial space of the lungs during the first few hours of life. 
Acquisition parameters: fast spin-echo, TR 3,000 ms, TE 81 ms, FOV 145 mm, matrix 256×256, slice 
thickness 3 mm, voxel size 0.57×0.57 mm in-plane and 3 mm through-plane, echo train length 8, receiver 
bandwidth 50 kHz, number of acquisitions 4, scan time 6 min 24 s. The window and level settings are the 
same for both images. 
 
Figure 2.3-7 Coronal T2-weighted images of the lungs of two animals demonstrate areas of parenchymal 
atelectasis (arrows). Acquisition parameters: fast spin-echo, TR 3,000 ms, TE 81 ms, FOV 145 mm, 
matrix 256×256, slice thickness 3 mm, voxel size 0.57×0.57 mm in-plane and 3 mm through-plane, echo 
train length 8, receiver bandwidth 50 kHz, number of acquisitions 4, scan time 6 min 24 seconds. 
 
Figure 2.3-8 Abdominal images acquired during the first few hours of life. The presence of intraluminal 
amniotic fluid and meconium allows excellent visualization of GI anatomy. a Coronal T1-weighted spin-
echo image of the abdomen. Acquisition parameters: spin-echo, TR 400 ms, TE 12.2 ms, FOV 145 mm, 
matrix 192×256, slice thickness 3.5 mm, voxel size 0.76×0.57 mm in-plane and 3.5 mm through-plane, 
echo train length 1, receiver bandwidth 50 kHz, number of acquisitions 3, scan time 3 min 50 s (K 
kidney). b Coronal maximum-intensity projection reconstruction of the bowel generated from a 3-D 
gradient echo dataset. Acquisition parameters: RF spoiled T1-weighted gradient echo, TR 30 ms, TE 4 
ms, flip angle 60°, FOV 145 mm, matrix 180 × 256, 60 2-mm partitions, voxel size 0. 52×0.57 mm in-
plane and 2 mm through-plane, receiver bandwidth 50 kHz, number of acquisitions 1, scan time 5 min 24 
seconds. 
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Figure 2.3-9 Coronal (a) and axial (b) images of the kidneys (arrows) show high spatial resolution and 
excellent tissue contrast. a Fast spin-echo, TR 3,000 ms, TE 81 ms, FOV 145 mm, matrix 256×256, slice 
thickness 3 mm, voxel size 0.57×0.57 mm in-plane and 3 mm through-plane, echo train length 8, receiver 
bandwidth 50 kHz, number of acquisitions 4, scan time 6 min 24 s. b Fast spin-echo, TR 4,000 ms, TE 
120 ms, FOV 145 mm, matrix 256×384, slice thickness 2.5 mm, voxel size 0.57×0.38 mm in-plane and 
2.5 mm through-plane, echo train length 12, receiver bandwidth 50 kHz, number of acquisitions 3, scan 
time 4 min 16 seconds. 
 
Figure 2.4-1 Neonatal MRI system installed in the NICU at our institution. NICU neonatal intensive care 
unit. 
 
Figure 2.4-2 Harmonic behavior of the NICU and adult-size conventional MRI scanners measured for 
each of the standard MRI sequences tested: (a) spin echo (SE), (b) gradient recalled echo (GRE), (c) 
balanced steady state free precession (bSSFP), (d) echo planar imaging (EPI), (e) spoiled gradient echo 
(SPGR) and (f) diffusion-weighted imaging (DWI). NICU neonatal intensive care unit. 
 
Figure 2.5-1 Neonatal ICU (NICU) MRI system. Magnet, equipment, and MRI operator control rooms 
are in suite immediately off main corridor of NICU. Magnet room radiofrequency shielding and air 
temperature and humidity requirements for neonatal scanner are identical to those for adult-sized MR 
systems. A, Photograph shows NICU MRI system. B, Photograph shows swaddled patient in cradle. C, 
Photograph shows patient in magnet and monitoring equipment. 
 
Figure 2.5-2 Histogram of last recorded weights of neonatal ICU patients at Cincinnati Children’s 
Hospital Medical Center for calendar years 2007-2009.  Analysis of shoulder width versus weight for this 
population shows that approximately 93% and 97% of infants would fit within 18 and 20 cm diameter 
bore, respectively. 
 
Figure 2.5-3 Brain MR Images obtained in Neonatal ICU using integrated MR system composed of 
Optima™ MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user 
interface software, and radiofrequency chain of Signa HDx (GE Healthcare) scanner.  Complete MRI and 
clinical information for examinations are provided in table 2.5-2.  Image acquisition parameters are 
reported in table 2.5-3; 5-cm spatial scale is displayed for reference. 
A, Sagittal T1-weighted FLAIR images of preterm female infant (neonate 1 in Table 2) born at 36 weeks’ 
gestational age (GA) with intrauterine growth retardation.  Images are obtained at 38 weeks postmenstrual 
age (PMA); weight at scanning was 1.9 kg. 
B, Axial proton density-weighted images (top) and T2-weighted fast spin-echo (bottom) images acquired 
of preterm male infant (neonate 3 in table 2.5-2) born at GA of 30 weeks 5 days with respiratory distress 
syndrome.  MRI was performed at 33 weeks 3 days PMA.  Weight at scanning was 1.9 kg.  No 
abnormalities were noted on MRI. 
 
Figure 2.5-4 MR images obtained in neonatal ICU using MR system composed of Optima™ MR430s 
(GE Healthcare) magnet and gradient hardware and imaging electronics, user interface software, and 
radiofrequency chain of Signa HDx (GE Healthcare) scanner.  Complete MRI and clinical information for 
examinations are provided in table 2.5-2.  Image acquisition parameters are reported in table 2.5-3.  5-cm 
spatial scale is displayed for reference. 
A-C, Apparent diffusion coefficient (A), fractional anistrophy (B), and T2-weighted trace (C) images of 
preterm female infant (neonate 1 in table 2.5-2) born at 36 weeks’ gestational age with intrauterine 
growth retardation.  Images were generated from diffusion-tensor imaging acquisition with b value of 
1000 s/mm2, and data in 15 directions.  No abnormalities were noted at the time of MRI. 
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Figure 2.5-5 MR images obtained in neonatal ICU using integrated MR system composed of Optima™ 
MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user interface software, 
and radiofrequency chain of Signa HDx (GE Healthcare) scanner. Complete MRI and clinical information 
for examination are provided in Table 2.5-2. Image acquisition parameters are reported in Table 2.5-3; 5-
cm spatial scale is displayed for reference.  A–C, Axial T2*-weighted multiplanar gradient-recalled echo 
images of preterm male infant (neonate 7 in Table 2.5-2 [gestational age at birth, 27 weeks 6 days]) with 
complex medical history including respiratory distress syndrome, intraabdominal hemorrhage, patent 
ductus arteriosus, chronic lung disease, medical necrotizing enterocolitis, and cerebellar hemorrhage show 
large left cerebellar hemorrhage (arrow, A) and left grade I intraventricular hemorrhage (arrow, C); both 
findings had been identified by earlier ultrasound. 
 
Figure 2.5-6 MR images obtained in neonatal ICU using integrated MR system composed of Optima™ 
MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user interface software, 
and radiofrequency chain of Signa HDx (GE Healthcare) scanner. Complete MRI and clinical information 
for examinations are provided in Table 2.5-2. Image acquisition parameters are reported in Table 2.5-3; 5-
cm spatial scale displayed for reference. 
A, Sagittal T1-weighted FLAIR image of male neonate (neonate 10 in Table 2.5-2 [gestational age at 
birth, 36 weeks 5 days]) shows focus of T1 shortening in posterior periventricular white matter (arrow). 
B, Axial T2-weighted fast spin-echo image of same infant as in A shows corresponding T2 hypointensity 
(arrow). 
These findings confirm white matter injury related to prematurity. 
C, Sagittal fast imaging employing steady-state acquisition (FIESTA) image of male neonate (neonate 4 
in Table 2.5-2 [gestational age at birth, 24 weeks 0 days]) with history of intraventricular hemorrhage 
requiring reservoir placement. Image of midline structures shows narrowing of aqueduct of Sylvius 
(arrow). 
D, Coronal single-shot fast spin-echo T2-weighted image of same infant as in C shows moderate lateral 
and third ventriculomegaly. Low signal intensity along ventricular walls (arrows) is consistent with 
hemosiderin staining. 
 
Figure 2.5-7 MR images obtained in neonatal ICU using integrated MR system composed of Optima™ 
MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user interface software, 
and radiofrequency chain of Signa HDx (GE Healthcare) scanner. Complete MRI and clinical information 
for examinations are provided in Table 2.5-2. Image acquisition parameters are reported in Table 2.5-4; 5-
cm spatial scale displayed for reference.  A and B, Coronal conventional T1-weighted spin-echo (A) and 
axial respiratory-triggered T2-weighted fast recovery fast spin-echo (B) images of male infant (neonate 
10 in Table 2 [gestational age at birth, 36 weeks 5 days]). 
 
Figure 2.5-8 Cardiac MR images obtained in neonatal ICU using integrated MR system composed of 
Optima™ MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user 
interface software, and radiofrequency chain of Signa HDx (GE Healthcare) scanner. Complete MRI and 
clinical information for examinations are provided in Table 2.5-2; 5-cm spatial scale displayed for 
reference. 
A–C, Black-blood ECG-triggered double inversion-recovery T1-weighted (A), ECG-gated cine fast 
imaging employing steady-state acquisition (FIESTA) (B), and phase-contrast (C) images of male infant 
(neonate 12 in Table 2.5-2 [gestational age at birth, 37 weeks 4 days]). 
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Figure 2.5-9 MR images obtained in neonatal ICU using Optima™ MR430s (GE Healthcare). Complete 
MRI and clinical information for examination are provided in Table 2.5-2. Image acquisition parameters 
are reported in Table 2.5-5; 5-cm spatial scale displayed for reference. A–F, MR images of brain and 
abdomen of male infant (neonate 14 in Table 2.5-2 [gestational age at birth, 38 weeks 5 days]): sagittal 
T1-weighted FLAIR (A), proton density–weighted (B), T1-weighted spinecho (C), T2*-weighted 
multiplanar gradient-echo (D), T2-weighted fast spin-echo (E), T1-weighted conventional spin-echo (F) 
images. T1-weighted conventional spin-echo images of neonatal abdomen (C and F) show high signal 
intensity in stomach and bowel. High signal intensity is thought to be  related to high protein and calcium 
content in formula (Similac NeoSure, Abbott Laboratories) that subject was receiving at time of scanning. 
 
Figure 3.3-1 Resonance offset errors.  A: Simple gradient echo pulse sequence illustrating the resonant 
offset error which occurs.  B: Two gradient echo pulse sequences each with opposite gradient polarities in 
order to cancel any resonant offset errors that occur. 
 
Figure 3.3-2 Schematic rendition of a power spectrum sensitivity profile of a solenoid tracking coil.  A: 
Spatial encoding gradient applied along the width of the coil producing a single peak.  B: Spatial 
encoding gradient applied along the length of the coil producing a complicated peak shape. 
 
Figure 3.4-1 Active MR tracking system block diagram. 
 
Figure 3.6-1 Representation of the signal sensitivity profile of a solenoid coil under non-ideal conditions 
(e.g. spatial-encoding gradient parallel to axis of coil).  Under this condition, two local maxima can be 
found. The centroid pixel method first identifies the most intense local maximum and computes a window 
centered on the maximum which is typically set to 2.5 times the coil size.  The “center of mass” (i.e. 
centroid) of the MR signal within that window is then computed.  Note that approximately the same 
“center of mass” is determined regardless of which local maximum is detected. 
 
Figure 3.6-2 Experimental setup for evaluation of MR tracking accuracy and precision.  A micro-coil was 
built onto a plastic rod mounted in the lid of the phantom.  The phantom was strapped to a modified 
goniometer and then attached to a custom built plastic platform.  The combined platform and goniometer 
allowed for two axes of rotation. 
 
Figure 3.6-3 MR images acquired from one edge of the micro-coil to the other using the micro-coil as a 
transmit/receive imaging coil. Each slice was acquired sequentially with an incremental offset of 1mm.  
Even though each image has a slice thickness of 6mm, partial volume effects make the edges of the coil 
visible.  By using the symmetry of the coil sensitivity profile, the location of the micro-coil can be 
estimated with an accuracy of 1mm in the slice direction by simply interpolating the distance between the 
most extreme slices in which the coil is seen (i.e. slice 1 and 14).  The in-plane resolution of micro coil 
localization was defined by the FOV and matrix size to be 0.20mm. 
 
Figure 3.6-4 Simulated MR tracking power spectra of an arbitrarily orientated micro-coil. (A) body coil 
transmit with micro-coil receive, (B) micro-coil transmit with micro-coil receive. Integration of the 
simulated MR signal was performed in each plane perpendicular to B0.  The magnitude of the integrated 
signal was plotted as a function of position along B0. 
 
Figure 3.6-5 Electromagnetic simulation results from 36 orientations of the micro-coil.  The micro-coil 
begins aligned along the Y axis (90° with respect to B0) and is rotated in 5° increments around the X axis 
until it is aligned along the –Y axis (-90° with respect to B0).   Positional error (i.e. Euclidean distance of 
the tracked location from the center of the micro-coil) is plotted as a function of micro-coil orientation for 
all combinations of transmit modes and peak detection algorithms. 
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Figure 3.6-6 Visual representation of the EM simulation results with respect to the physical size of the 
solenoid micro-coil.  Solid lines in (A) represent the average tracking accuracy, and dashed lines in (B) 
represent the worst case condition.  The cross-hatched region indicates the MR signal-free zone of the 
lumenless device. 
 
Figure 3.6-7 MR tracking signals acquired experimentally with Hadamard multiplexing and N=5 Phase-
field dithering.  (A) body coil transmit with micro-coil receive, (B) micro-coil transmit with micro-coil 
receive.  The platform was 45° rotated left (i.e. Eigenvector (0.5,0.5,0) and the micro-coil/bottle was 
rotated by 230°.  Signal magnitude is plotted as a function of position along B0. 
 
Figure 4.2-1 Divergent electric field around the tip of a device. 
 
Figure 4.2-2 simulated electric field distribution in an 18 cm birdcage RF coil.  The e-field distribution is 
0 in the center and increases linearly in the radial direction. 
 
Figure 4.4-1 Typical Stockbridge dampener used to dampen standing mechanical waves on overhead 
power lines and suspension bridge cables.  The Stockbridge dampener is built with two weights attached 
to a flexible massager cable.  The energy of the vibrating conductor is dissipated in the massager cable 
and standing waves are eliminated.   
 
Figure 4.4-2 Simulation of a standing wave on a long conducting structure (i.e. a wire) in an MR scanner.  
The conducting structure was 2.5 meters long, with 25 cm surrounded by a dielectric medium simulating 
human tissue.  The graph shows the expected reduction in voltage (and hence heating) obtainable by 
dynamically varying the termination of the wire. 
 
Figure 4.4-3 Photograph of the breadboard circuit for dynamic length changes.  The components include 
A) microcontroller, B) display LEDs, C) optical isolators, and D) Two programmable delay lines. 
 
Figure 4.4-4 Block diagram of the breadboard circuit.  In this circuit, the optical isolators are used to 
isolate the delay lines from the microcontroller.  A bank of LEDs is used to indicate the status of the 
programmable delay line. 
 
Figure 4.4-5 Compact circuit designed and programmed to vary the electrical length of a conductor using 
programmable delay lines. 
 
Figure 4.4-6 Heating of a copper wire exposed to high RF power during imaging with a neonatal MRI 
scanner.  The electrical length modulation circuit is shown to increase heating at the tip of the wire.  
Vertical lines indicate the start (green) and stop (red) of imaging.  Δ Temperature is defined as the 
difference between the measured temperature at the tip of the wire and the measured phantom reference 
temperature. 
 
Figure 4.4-7 Electromagnetic simulation of dielectric effects on long conducting structures in the MRI 
environment.  A 18 cm birdcage RF body coil with copper wire inserted in a rectangular phantom.  
Highest SAR is produced at the tip of the wire as indicated by the cover overlay.  B graph of the change 
in peak SAR at the tip of the wire relative to phantom insertion depth. 
 
Figure 4.4-8 Electromagnetic simulation of dielectric effects on long conducting structures in the MRI 
environment.  The copper wire was 14 cm inserted into the phantom.  Four bands of 10 mm length and 4 
mm diameter Teflon heat shrink evenly spaced at 20 mm increments on the wire was shown to reduce 
peak SAR by a factor of 9.6. 
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Figure 5.2-1 Conventional neonatal feeding tube model 20-1366 (Corpak Medsystems, Buffalo Grove, 
IL).  1: Feeding port used for administering enteral nutrition.  2: Side port used for irrigation, aspiration, 
and oral medication.  3: Centimeter markings along the length of tube.  4: Anti-clog tip. 
 
Figure 5.2-2 Electromagnetic feeding tube tracking system.  A) Feeding tube with transmitting stylet 
inserted through lumen.  B) Receiver system.  C) Feeding tube insertion path visualization monitor.  
Images B and C are property of (Corpak Medsystems, Buffalo Grove, IL). 
 
Figure 5.4-1 Custom designed active MR-guidable guidewire.  The guidewire was made from G10 
fiberglass.  A small tracking coil was built on one end and a 46 AWG coaxial wire attached the coil to a 
hub mounted micro-mini MCX connector. 
 
Figure 5.4-2 Custom designed active MR-guidable feeding tube.  1) Solder joint of the feeding tube 
mounted solenoid tracking coil.  2) Three feeding tube mounted solenoid tracking coils.  3) Three micro-
coaxial wires spirally wrapped around the feeding tube.   
4) Hub extension.  5) Micro-mini MCX connectors. 
 
Figure 5.4-3 Four channel power splitter and passive transmit/receive switch for micro-transmit tracking.   
 
Figure 5.5-1 Active MR tracking in the NICU MR scanner.  A) The feeding tube was flushed with water 
and placed into the magnet bore next to a spherical phantom filled with copper sulfate (CuSO4).  B) 
Close-up of the NJ tube inside the bore of the NICU MRI scanner.  Note that the NJ tube is completely 
surrounded by air.  C) Active MR tracking of the feeding tube overlaid on the acquired MR image. 
 
Figure 5.5-2 Neonatal gastrointestinal tract mimicking phantom. 
 
Figure 5.5-3 Acquired MR image of the feeding tube phantom.  The tube was inserted through the tube 
marked by the green arrow and advanced into the first vertical tube.  Each feeding tube mounted tracking 
coil is indicated above. 
 
Figure 5.5-4 Experimental evaluation of RF induced heating of the MR feeding tube during high powered 
imaging and micro-transmit tracking. 
 
Figure 5.5-5 RF heating measurements of the MR-guidable nasojejunal feeding tube during MR Imaging.  
The green vertical line indicated the start of imaging and the red vertical line indicates the end of imaging. 
 
Figure 5.5-6 RF heating measurements of MR-guidable nasojejunal feeding tube during micro-transmit 
tracking.  The green vertical line indicated the start tracking and the red vertical line indicates the end of 
tracking. 
 
Figure 6.2-1 MRI-compatible and MR-tracked feeding tube with tracking coils (blue arrows) connected 
with 42 AWG micro-coaxial wire to three micro-mini MCX connectors (orange arrows) mounted in a 
feeding tube extension.  A the MR-guidable feeding tube.  B a close-up of the tip of the device with 
tracking coils.  C a close-up of the hub with hub-extension.  D MR tracking signal acquired by one 
feeding tube mounted coil with and without micro-transmit tracking. 
 
Figure 6.2-2 Photographs taken during both feeding tube placement procedures.  A X-ray guided feeding 
tube placement in the interventional catheter lab.  B MR-guided feeding tube placement in the neonatal 
research ONI suite. 
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Figure 6.3-1 X-ray images acquired during placement of a conventional neonatal nasojejunal feeding 
tube.  A) Bony anatomical structures of the rabbit are easily seen relative to the feeding tube in acquired 
X-ray images.  X-ray parameters (61.5 KVP, 1.0 mA).  B) The conventional feeding tube is shown coiled 
up in the stomach of the rabbit.  The circular signal void near the tip of the feeding tube is created by a 
bolus injection of contrast agent through the feeding tube.  X-ray parameters (62.5 KVP, 1.0 mA). 
 
Figure 6.3-2 X-ray images of an esophageal constriction encountered during placement of the novel MR 
feeding tube.  A) Injection of contrast agent clearly shows an esophageal narrowing which prevented the 
feeding tube from reaching the stomach.  The feeding tube is not visible on the image due high 
concentration of contrast agent used to show the narrowing.  X-ray parameters (63.0 KVP, 1.0 mA) B) A 
guidewire inserted through the lumen of the feeding tube provided penetration of the esophageal 
constriction into the stomach.  X-ray parameters (63.0 KVP, 2.0 mA). 
 
Figure 6.3-3 X-ray images acquired during placement of the MR feeding tube.  A) The contrast agent 
clearly shows the duodenum relative to the tip of the feeding tube.  X-ray parameters (63.5 KVP, 2.0 
mA).  B) A guidewire inserted through the lumen of the feeding tube was steered through the pyloric 
sphincter into the duodenum.  X-ray parameters (62.3 KVP, 1.0 mA). 
 
Figure 6.3-4 X-ray image of the final placement of the MR feeding tube with X-ray guidance.  The 
feeding tube is clearly shown looped in the stomach and extended into the distal portion of the duodenum.  
The large signal voids in the image indicate pooling of the contrast agent in the gastrointestinal tract.  X-
ray parameters (62.9 KVP, 1.0 mA). 
 
Figure 6.3-5 MRI images acquired with a gradient echo pulse sequence (TR: 100 ms, TE: 3 ms, field-of-
view: 21 cm, slice thickness: 8 mm, flip angle: 60 degrees, averages: 4, image matrix 160 X 160).  The 
overlaid shapes represent the tracking coil location relative to the soft tissue anatomy in the MRIs.  If the 
tracking coils are numbered consecutively starting with the one closest to the tip of the feeding tube they 
are represented by: Coil 1-red square, Coil 2- blue circle in A and B, and a green circle in C and D, and 
Coil 3- pink triangle.  In C and D a yellow circle is used to represent a virtual coil indicating the tip of the 
feeding tube.  The blue line represents the feeding tube itself.  In this series of images, the feeding tube is 
pulled through the duodenum A, then coil 3 (pink triangle) is pulled through the pylorus B, next coil 2 
(green circle) is then pulled through the pylorus C, lastly the remainder of the feeding tube is pulled 
through the pylorus and into the stomach D.  A and B are coronal image slices and C and D are axial 
image slices. 
 
Figure 6.3-6 MRI image acquired with a gradient echo pulse sequence (TR: 100 ms, TE: 3 ms, field-of-
view: 21 cm, slice thickness: 8 mm, flip angle: 60 degrees, averages: 4, image matrix 160 X 160).  The 
image was acquired in the sagittal plane.  Tracking signals are overlaid on the MR image during MR-
guided feeding tube manipulation in the stomach.  If the tracking coils are numbered consecutively 
starting with the one closest to the tip of the feeding tube they are represented by: Coil 1-red square, Coil 
2- green circle, and Coil 3- pink triangle.  The yellow circle is used to represent a virtual coil indicating 
the tip of the feeding tube.  The feeding tube is curved around the stomach with the fiberglass guidewire. 
 
Figure 6.3-7 MRI images acquired with a gradient echo pulse sequence (TR: 100 ms, TE: 3 ms, field-of-
view: 21 cm, slice thickness: 8 mm, flip angle: 60 degrees, averages: 4, image matrix 160 X 160).  A and 
B are coronal image slices, and C and D are axial image slices.  Tracking signals are overlaid on the MR 
images during MR-guided feeding tube insertion.  The feeding tube is guided through the esophagus A 
and C.  Note that due to the imaging plane all of the coil shapes are overlaid on top of each other in C.  
The tube is then navigated into the stomach B and D.  Note that the shapes are spread out in D once the 
tracking coils reach the stomach allowing them to move in the anterior direction. 
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Figure 7.2-1 Roadmap for future experimental testing of the feasibility of an MR guidable NJ feeding 
tube for neonates.  Future experiments will first require a method to steer the feeding tub.  Each green box 
represents a potential method to allow for device steering.  Each method will be investigated and the 
optimum method will be identified through additional pilot studies.   
Feasibility Study: Once a final design is identified a feasibility study will be performed in eight rabbits.  
These studies will be used to fully test the hypothesis of this dissertation.  Success will be measured by 
procedure time, tracking capability, and image quality.   
Procedure time: the procedure time will the same or faster than the fluoroscopy procedure.   
Tracking capability: All tracking coils must be functional throughout the entire procedure.  During the 
procedure multiple images will be taken which clearly show the tracking coils and the image position will 
be compared with the tracked position.   
Image quality: image quality will be analyzed and assessed by a trained radiologist. 
Clinical Neonate Study: A clinical feasibility study in neonates will be performed after animal studies.  
This study will be performed on 10-15 neonates who are scheduled to get a feeding tube placed with 
fluoroscopic guidance. 
 
The red dashed box indicates the portion of this research currently seeking grant support from the 
National Institute of Health. 
 
Figure A1-1 Block diagram to detail my contributions to the neonate project.  The boxes with a green 
background indicate aspects of the development and testing of the neonatal scanner where I made 
substantial contributions.  In system design this involved schematic design, circuit board billing, and 
writing custom computer code.  In custom RF coils my primary responsibility was helping with the circuit 
and mechanical design.  Lastly, in the various studies I made substantial contributions to the research 
presented in each paper as well as helped write the scientific papers. 
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Chapter 1: Introduction 
 
1.1 Background and Significance 
 Premature birth occurs at a critical time of fetal growth and development.  The American 
Society of Parenteral and Enteral Nutrition (ASPEN) recommends commencing postnatal 
nutritional delivery within forty-eight hours of premature birth.  This is essential to maintain a 
growth rate that approximates intrauterine growth of a fetus at the same post-conception age to 
avoid atrophy of the intestinal mucosa (1, 2).  Establishing postnatal nutritional delivery is 
challenging in infants under thirty-four weeks of gestational age due to their inability to ingest 
the proper amount of nutrients.  These preterm infants often require an alternate feeding route to 
traditional bottle or breastfeeding.  In addition, term infants with reduced bowel function due to 
surgical issues such as gastroschisis, bowel atresia, and congenital diaphragmatic hernia, often 
require tube feedings for nutritional support.  These surgical issues often cause anatomical 
changes which can make proper feeding tube placement difficult. 
 Enteral tube feeding is the gold standard for nutritional delivery to patients with 
inadequate gastrointestinal function (3-5).  According to the Agency for Healthcare Research and 
Quality (AHRQ) it is estimated that 251,155 patients who received inpatient enteral tube feeding 
were discharged from hospitals in the United States in 2012.  Of these patients, 25,945 or 10.3% 
were neonates (6).  Enteral nutrition is the preferred method of nutritional delivery in these high-
risk infants due to the reduced cost, decreased risk of complications compared to other methods, 
and promotion of normal growth and development of the gut (4, 7).  Two types of feeding tubes 
are commonly used: nasogastric (NG) and nasojejunal (NJ) (Figure 1.1-1).  NG tubes are 
inserted through the nasal cavity, down the esophagus and into the stomach.  Great care must be 
taken to ensure that the feeding tube does not pass through the larynx into the bronchi.  Infants 
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who do not tolerate feeds into the stomach due 
to severe gastroesophageal reflux and/or 
reduced intestinal motility will often have an NJ 
tube placed after they fail a trial of NG feeds.  
NJ tubes present additional challenges since 
they are advanced further into the stomach, 
through the pylorus, and into the jejunum.  This 
task is difficult in premature babies due to the 
small diameter of their pylorus.  Despite the 
widespread use of enteral feeding (at any given 
time there are approximately 3-4 babies with NJ 
tubes in the Cincinnati Children’s Hospital 
Medical Center (CCHMC) neonatal intensive care unit (NICU)), improper tube placement 
continues to affect a large number of patients (3, 8, 9).  Inadvertent tube placement in the 
respiratory tract occurs frequently and has been classified as a sentinel event by the Joint 
Commission of Healthcare Organizations in the United States (10).   
 NG and NJ tube placements are often first attempted by the nursing staff at the bedside 
and proper placement is confirmed by X-ray.  When blind bedside placement is not successful, 
the baby is then sent to interventional radiology for fluoroscopically guided tube placement.  
Proper placement of these tubes is critical and X-ray guidance is routinely used in most 
circumstances to ensure that the tubes do not end up in the lungs or the wrong position in the 
gastrointestinal tract.  In the 72-bed NICU at CCHMC, fluoroscopically guided placement occurs 
more than 100 times each year and often multiple times in the same baby.  Consequently, if one 
Figure 1.1-1 Graphical representation of both 
nasogastric and nasojejunal feeding tube 
placements relative to anatomical structures 
within the body.  Infant anatomy picture is 
property of Mayo Clinic. 
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extrapolates to the 809 level 3 NICUs in the United States alone, and makes a conservative 
assumption that the average sized-NICU has 40 beds, one can estimate that over 45,000 
fluoroscopic NJ tube placements in neonates are performed each year.  Since NJ tubes are easily 
dislodged with routine nursing care, coughing, vomiting, and/or baby movement, those babies 
requiring feeding tubes typically undergo multiple procedures and are exposed to a significant 
cumulative X-ray dose, even though strategies to reduce radiation dose are often used (e.g. last 
image hold, no magnification, and shielding) (11). 
 
1.2 Current Feeding Tube Placement Procedures and Limitations 
 
1.2.1 Blind Bedside Placement 
 The standard practice for placement of enteral feeding tubes is blind placement at the 
bedside followed by a radiograph to confirm tube position.  This standard was developed in the 
early 1980’s and is still practiced today (12).  Blind bedside placement is typically performed by 
either a nurse or physician.  Feeding tube position is assessed by listening with a stethoscope and 
quickly injecting 10 to 20 ml of air into the feeding tube.  A “wooshing” noise indicates that the 
tube is likely in the stomach, and a muffled sound indicates that the tube is likely in the trachea 
or lungs.  After blind placement, patients are transported to radiology, or a portable X-ray system 
is brought to the bedside to confirm proper tube placement.  It is estimated that 66% of medical 
institutions still use blind placement for feeding tubes (12).  Blind placement carries significant 
risk of tube misplacement in the airway which can cause perforation of the lung, leading to 
pneumothorax.  In the United States, it is estimated that 2% of enteral tube placements result in 
airway misplacement (13, 14).  Furthermore, 1 in 3 misplacements results in pneumothorax and 
half of these patients die from this complication (13, 14).  Neonatal feeding tube placements are 
generally the most difficult due to the small diameter of their esophagus and pylorus. 
4 
 
1.2.2 Fluoroscopic Guided Placement 
 Fluoroscopic (X-ray) guidance is now used for the majority of enteral feeding tube 
placements in neonates in an attempt to reduce tube misplacement, however, ionizing radiation 
and limited soft tissue image contrast pose significant constraints.  Exposure to ionizing radiation 
carries significant risk (15), which is amplified in the pediatric patient population due to the high 
rate of cell proliferation early in life.  Pediatric patients exposed to ionizing radiation have a 
significantly higher risk of cancer later in life.  It is essential to avoid exposing pediatric patients 
to ionizing radiation whenever possible (16-21). 
 Fluoroscopic guidance also suffers from a lack of soft tissue contrast.  The nasal cavity, 
esophagus, stomach, lungs, duodenum, and jejunum are not readily visible in fluoroscopic 
images.  Therefore, a fluoroscopically guided feeding tube placement requires the physician to 
use remote bony landmarks and anatomic knowledge to guide the feeding tube into the stomach 
(NG tube) or the jejunum (NJ tube).  Although X-rays provide little ability to visualize soft 
tissue, invasive devices such as enteral feeding tubes with integrated radiopaque stripes are 
readily seen and are often the most conspicuous features in the image.  The lack of soft tissue 
contrast in fluoroscopic procedures often makes it difficult to ensure the feeding tube is not 
inadvertently guided into the respiratory tract.  The limitations of blind bedside and fluoroscopic 
placement make a compelling rationale for improving neonatal feeding tube placement 
procedures. 
 
1.3 Magnetic Resonance Imaging Overview 
 Magnetic resonance imaging (MRI) is a noninvasive diagnostic procedure that helps 
physicians diagnose and treat a variety of medical conditions.  MRI uses strong magnetic fields, 
radio waves, and computers to generate detailed images of soft tissue (liver, kidney, brain, etc.) 
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and body fluids.  Magnetic Resonance (MR) can also be used to guide and track interventional 
devices within the body.  The following sections will briefly detail the fundamental principles of 
MRI as they relate to the research described in the subsequent chapters. 
 
1.3.1 Nuclear Spin and Resonance 
 An atomic nucleus is comprised of both protons and neutrons (except for the 1H isotope 
of Hydrogen, whose nucleus is composed of a single proton).  The proton has a unit positive 
electric charge and an inherent quantum mechanical magnetic property called spin.  The neutron 
has no electric charge, but it does have spin.  Nuclei with an odd number of protons and/or 
neutrons will have a net magnetic spin (i.e. non-zero).  The spin of a MR active nucleus is 
classically considered to behave similar to a bar magnet and thus has a magnetic moment (22-
24).   
 In the absence of an external magnetic field, the magnetic moments of MR active nuclei 
are oriented in random directions and thus produce no net macroscopic magnetic field.  On the 
other hand, when spin 1/2 nuclei such as 1H, are placed in a strong external magnetic field 
(referred to as B0 in MRI) the spins are distributed into two energy states: alignment parallel to 
the magnetic field (low-energy state) and alignment anti-parallel to the magnetic field (high-
energy state).  A small majority of spins exist in the low-energy state (e.g. three 1H spins per 
million at body temperature in a 1.0 Tesla magnetic field).  The slight difference in energy states 
creates a small net magnetic moment.  Due to the vast number of hydrogen nuclei within the 
human body (60-80% of the nuclei in the body), a small but detectable magnetic moment is 
created which is the fundamental basis for magnetic resonance imaging.  The influence of the 
strong external magnetic field causes the nuclei to precess around the applied magnetic field.   
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The processional frequency (ω0) is given by the Larmor equation and is determined by the 
gyromagnetic ratio (γ) and the magnetic field strength (B0) (22-24): 
𝜔𝜔0  = 𝐵𝐵0 ∗  γ      [1.3-1] 
 The gyromagnetic ratio (γ) is an isotope fundamental constant that relates the magnetic 
moment (i.e. field strength) to the angular momentum (i.e. frequency) of the particle.  The 
gyromagnetic ratio for hydrogen (1H) is 42.58 MHz/T. 
According to the Bloch equation (without factoring in spin relaxation), magnetization 
(M) precesses around a B field at a frequency ω = γB (22-24): 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
 = 𝑀𝑀 𝑥𝑥 γB     [1.3-2] 
 Generating a nuclear magnetic resonant signal requires the application of a rotating 
magnetic field (B1) to tip the longitudinal magnetization, Mz, into the plane transverse to B0.  
When magnetization is rotating in the transverse plane, it can induce a time varying voltage in a 
nearby pickup coil which is proportional to the size of the magnetization (22-24).  In the standard 
laboratory frame of reference the motion of the magnetization due to B1 is rather complex due to 
the simultaneous precessing about B1 at ω1 and about B0 at ω0.  The rotating reference frame is 
typically used to simplify the description of this motion.  The rotating frame of reference is 
created by rotating the standard coordinate system around the z-axis at the Larmor frequency in 
the same direction that the magnetization rotates about B0.  Consequently, in the rotating frame 
of reference the x and y components of magnetization are stationary and rotation due to B1 only 
need be considered. 
 If transverse magnetization is desired (such is the case with magnetic resonance 
imaging), a perpendicular B1 field can be applied for a finite period of time to convert 
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longitudinal magnetization to varying degrees of transverse magnetization, Mxy.  The degree of 
transverse magnetization is controlled by the duration of the B1 pulse.  The angle between the z-
axis and the magnetization after an RF pulse is typically referred to as the flip angle in magnetic 
resonance imaging. 
 
1.3.2 Signal Decay Mechanisms 
 The net magnetization in each tissue relaxes to equilibrium at different rates due to the 
relaxation processes known as T1 and T2.  These relaxation times can be used to differentiate 
tissues and provide contrast in acquired MR images.   
 
1.3.2.1 T1 Relaxation 
 When nuclear spins absorb energy from an RF pulse and longitudinal magnetization is 
tipped into the transverse plane, the absorbed energy begins to transfer to the surrounding 
environment (or lattice).  As energy is transferred from the nuclei to the spin lattice, the nuclei 
begin to relax back to the equilibrium state.  The rate at which energy is transferred to the lattice 
largely depends on the molecular arrangement of the tissue and the strength of the magnetic 
field.  More precisely it depends on how closely the molecular motion of the molecules matches 
the Larmor frequency (22-24).  Fat has a relatively short T1 (150 ms at 1.5 Tesla) due to the 
presence of a relatively large number of molecules experiencing magnetic field fluctuations at 
the Larmor frequency due to molecular tumbling.  On the other hand, pure water has a longer T1 
(3 seconds at 1.5 Tesla) due to less efficient relaxation caused by faster molecular tumbling that 
has a smaller frequency cross section at the Larmor frequency. 
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1.3.2.2 T2 Relaxation 
 When nuclear spins are tipped from their equilibrium state into the transverse plane by an 
RF pulse, the MR spin vectors point in the same direction (referred to as in-phase).  Immediately 
afterward, the nuclear spins begin to precess around the B0 axis at a rate equal to the Larmor 
frequency.  The nuclear spins also begin to de-phase due to a signal decay process known as T2.  
T2 decay is caused by the interaction between the magnetic fields of neighboring spins (referred 
to as spin-spin interactions) (22-24).  The interaction between spins causes some nuclei to spin 
faster and some to spin slower resulting in a loss of phase coherence (magnetic field vectors not 
pointed in the same direction).  The overall net magnetization is reduced and therefore the 
detectable MR signal is decreased.  The rate of T2 decay is a property inherent to each tissue and 
largely depends on how closely packed the molecules are to each other and how they 
move/collide.  At 1.5 Tesla, fat typically has a T2 of 35 milliseconds, while pure water typically 
has a T2 of 3 seconds. 
 In MRI, an RF pulse is used to tip the nuclear magnetic moments into the transverse 
plane.  Due to local magnetic field inhomogeneities (i.e. variations in the main magnetic field), 
the nuclear spins will not precess at the same rate since their precessional frequency is directly 
determined by the local magnetic field strength they encounter.  The different precessional rates 
results in spin dephasing and thus signal decay.  Spin dephasing due to this phenomenon is 
referred to as T2*.  Nuclear spin de-phasing due to T2* can be reversed by applying a 180° 
radiofrequency (RF) pulse (spin-echo pulse sequence).  When this occurs, the nuclear spins 
rephase and produce a signal echo (i.e. a complete rephasing of the spins).  In reality, however, 
complete rephasing is never achieved due to the T2 effects described above. 
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1.3.3 Pulse Sequences and Voxel Localization 
 The previous section detailed how MR signal intensity (and hence information about 
tissue) is assigned to each pixel in an MR image, but did not address how each pixel’s spatial 
location is determined in the image.  Each pixel in the MR image represents a voxel, a 
predetermined volume within the patient.  In general, the location of each voxel is obtained by 
using magnetic field gradients to cause the nuclear precessional frequency to vary with position.  
The spatially encoded frequency information can then be converted to the spatial domain using a 
Fourier transform. 
 In MRI, pulse sequences are recipes which define a series of RF and magnetic field 
gradient pulses which are applied with precise timing, polarity, and repetition frequency.  Pulse 
sequence parameters define the sensitivity of the acquired MR image to tissue properties based 
on the rate of T1 and T2 relaxation and other MR-observable properties of tissue.  The main 
pulse sequence parameters are: repetition time (TR), time to echo (TE), and flip angle (α).  TR is 
defined as the repetition time of the pulse sequence, and in a pulse sequence with a single RF 
pulse, it can simply be described as the interval between RF pulses during imaging.  TE is 
defined as the time between an RF pulse and the collection of MR signal.  During both the RF 
pulse and data acquisitions, the phase of the spins evolve.  Consequently, T=0 is generally 
described as the point in the RF pulse at which all spins are in phase, and T=TE is the point in 
time during data acquisition at which all the spins are again in phase. The flip angle is the angle 
which the nuclei are tipped into the transverse plane by an RF excitation pulse.   
 In MRI, images are acquired with a variety of pulse sequences (spin-echo, gradient-echo, 
echo-planar, propeller, etc.).  Each pulse sequence defines a unique recipe to acquire the data 
necessary to produce an MR image.  The subsequent sections (1.3.3.1 - 1.3.3.3) focus on a 
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gradient echo pulse sequence since it is the fundamental sequence used in active MR tracking of 
interventional devices and thus the most relevant to the forthcoming research. 
 
1.3.3.1 Slice Selection 
 MRI slice selection is performed to select the “slice” or section of tissue to be imaged 
(Figure 1.3-1 red line).  Since MR excitation coils have limited ability to direct and shape their 
field, magnetic field gradients are used in conjunction with excitation coils to perform slice 
selection in MRI.  A linear magnetic field gradient applied across the patient will cause the 
precessional frequency (Larmor frequency) of the nuclei to vary linearly with position.  A 
frequency selective RF pulse will excite, or tip, only those nuclei whose Larmor frequency is 
within the bandwidth of the excitation pulse.   By selecting the center frequency and bandwidth 
of the RF pulse and knowing the strength and direction of the applied magnetic field gradient, 
only spins within the desired imaging slice will be nutated into the transverse plane where they 
can be detected for imaging.  The thickness of the imaging slice is determined by the bandwidth 
(BW) of the RF pulse and the strength of the applied magnetic field gradient.  Typically, a re-
phasing lobe is added to the slice select gradient to unwrap phase changes which occur during 
the applied slice select gradient. 
 
1.3.3.2 Phase Encoding 
 Phase-encoding is a technique to encode spatial information along one or two axes of the 
patient.  Following slice selection, the slice select gradient is turned off and all nuclei within the 
selected slice are in-phase and precess at the same frequency (the Larmor frequency).  
Immediately following slice selection, a phase encoding gradient pulse of finite duration is 
applied along one axis of the patient (Figure 1.3-1 orange line).  Precessional frequency of the 
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nuclear spins will linearly vary with position along the axis according to the Larmor equation.  
Since this gradient is applied for a fixed duration, the change in frequency results in a net change 
in phase of the transverse magnetization.  Since precessional frequency increases as a function of 
magnetic field strength, the resulting phase shift is also proportional to the position along the axis 
of the applied phase encoding gradient.  Fourier transform of the acquired MR signal in response 
to a series of phase encoding pulses with progressively increasing amplitudes, provides 
localization of nuclear magnetic spins along that axis.  Phase encoding can therefore provide one 
axis of voxel localization in an acquired MR image.  In 3D MR imaging, phase-encoding is 
performed in two orthogonal directions to provide localization information along two axes.  
 
1.3.3.3 Frequency Encoding 
 Frequency encoding occurs after phase encoding and provides the second axis of voxel 
localization in a 2D image or the third axis in a 3D image (Figure 1.3-1 green line).  Frequency 
encoding is performed by applying a magnetic field readout gradient during MR signal 
acquisition.  The precessional frequency of the nuclei will vary with position along the applied 
readout gradient as defined by the Larmor equation.  The Fourier transform of the acquired MR 
signal performed along the frequency encoding axis provides localization of nuclear magnetic 
spins along that axis.  Frequency encoding is also the fundamental technique used in active MR 
tracking to locate in three dimensions interventional devices with integrated solenoid tracking 
coils.  
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Figure 1.3-1 Simple conventional gradient echo pulse sequence.  Radiofrequency 
pulses and magnetic field gradients (slice select, phase encoding, and frequency 
encoding) are depicted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.3.3.4 Fourier Transform 
 The Fourier series states that any mathematical function can be approximated by a sum of 
sinusoids (cosine and sine) with arbitrary amplitude and phase.  In the context of magnetic 
resonance, the Fourier transform is a mathematical function which decomposes a time varying 
signal (f(x)) into the individual frequencies that make it up (F(ξ)).  Time in seconds is 
represented by x and ξ represents frequency in Hz. 
 F(𝜉𝜉) =  ∫ f(x) 𝑒𝑒2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 𝑑𝑑𝜉𝜉∞−∞  [1.3-3] 
Since MR signals are digitized before processing, “Discrete Fourier Transform” algorithms are 
employed (22-24). 
In MRI, the acquired frequency and phase encoded data are placed into a raw data matrix 
which maps into the multi-dimensional Fourier transform of the final image.  The framework 
that the raw data is placed into is known as k-space.  K-space contains the acquired MR signal at 
13 
 
various points in time corresponding to the time-intensity integral (i.e. area) of the frequency and 
phase encoding gradient pulses.  The Fourier transform is used to convert the time varying 
electromagnetic signal induced in a pickup coil to a frequency spectrum.  Since both frequency 
and phase are made to vary with spatial location inside the MRI scanner, each voxel can be 
mapped to image space using the Fourier transform in a process known as image reconstruction. 
 
1.3.4 Image Quality 
 Signal-to-noise ratio (SNR), spatial resolution, and temporal resolution are the 
fundamental parameters used to evaluate MR image quality.  Fast, high resolution, high SNR 
images are desired; but there is a trade-off between these three parameters.  Increasing SNR 
necessitates a longer image acquisition and/or a decreased spatial resolution.  Decreasing scan 
time (i.e. increasing temporal resolution) requires a sacrifice in SNR and/or spatial resolution.  
Lastly, an image with high spatial resolution requires a compromise in SNR and/or scan time.  
Each defining aspect of MR image quality is described in detail below. 
 
1.3.4.1 Signal-to-Noise Ratio 
 SNR is defined as the ratio of the amplitude of the MR signal to the average amplitude of 
the background noise in the image.  The MR signal is the voltage induced in a pickup coil due to 
magnetic flux through the coil.  On the other hand, noise is the undesired signal resulting from 
the patient, the environment, the scanner electronics, and the RF coil.  In general, this noise has a 
Gaussian distribution.  SNR can be calculated by taking the difference between the signal and the 
background noise and dividing by the standard deviation of the background signal.  SNR is 
proportional to the volume of the homogeneous voxel and to the square root of the time over 
which signal is detected.  Thus, SNR is proportional to the square root of the number of signal 
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averages, and is inversely proportional to the square root of the data sampling rate.  Since 
increasing the number of signal averages or phase encoding steps increases scan time, SNR is 
related to the image acquisition time. 
 
1.3.4.2 Spatial Resolution 
 Spatial resolution in MRI is defined as the ability to differentiate two closely spaced 
points in the image.  Spatial resolution in MRI is often different in each of the three dimensions 
and is determined by the size of the imaging voxel.  The imaging voxel is defined by the MRI 
parameters: field-of-view (FOV), image matrix size, and slice thickness.  The FOV represents 
the length and width of the image and is traditionally given in dimensional units (e.g cm) that 
have a one-to-one correspondence with the dimensions of the patient.  The image is divided into 
pixels based on the image matrix size.  The imaging matrix size is determined by the number of 
frequency encoding steps in the frequency encoding dimension, and by the number of phase 
encoding steps in the phase encoding dimension(s).  Dividing the FOV by the image matrix size 
gives the size of each voxel in the image.  The third dimension of spatial resolution is determined 
by the thickness of the imaging slice.  In two-dimensional MRI, this is usually the largest 
dimension of the voxel and therefore the spatial resolution perpendicular to the imaging plane is 
usually the poorest.  Note that the size of the image matrix can be larger than the acquired data 
matrix if zero filling (25) of the data is performed prior to Fourier transformation.  
 
1.3.4.3 Temporal Resolution 
 Temporal resolution is defined as the precision of a measurement with respect to time.  In 
MRI, temporal resolution is often used to describe the period of time (scan time) required to 
generate the desired MR image.  The scan time is controlled by a number of pulse sequence 
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parameters: TR, image matrix size, and number of signal averages.  Since these parameters can 
also affect SNR and spatial resolution, there often exists a trade-off.  Temporal resolution is also 
relevant in 3D active MR tracking of interventional devices.  In this context, temporal resolution 
refers to the refresh time between each tracking period, typically quantified by the tracking frame 
rate. 
 
1.3.5 Bioeffects and Safety 
The effects of strong static magnetic fields on biologic systems have been studied for 
over 100 years, and to date, there have been no reproducible studies that indicate exposure of 
animals or humans to field strengths typically used in magnetic resonance imaging (1.5 T – 7 T) 
have any adverse biological effects (26-29).  However, static magnetic fields create a strong 
attraction to objects made from ferromagnetic materials drawing them rapidly into the scanner 
with considerable force.  This projectile effect can cause serious injury to the patient or operating 
staff, and/or cause considerable damage to the MRI system.  A culture of safety in the MR 
environment is obtained by routinely screening for ferromagnetic materials in all objects 
(including patients) entering the scanner room. 
A typical MR pulse sequence requires the establishment of transient gradient magnetic 
fields to locate nuclear magnetic spins within the body.  The rapid changes in magnetic field 
strengths induce electrical currents within the body, which when strong enough can cause nerve 
stimulation.  Patients have reported tingling sensations, muscle twitches, and sometimes even 
pain due to peripheral nerve stimulation.  In MRI, strict limits (200 T/m/s) are placed on the rate 
of change in magnetic field (i.e. slew rate) by the United States Food and Drug Administration 
(FDA) in order to avoid peripheral nerve stimulation. 
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Sensory effects are also possible in the MR environment, but do not have harmful effects 
on the body.  Sensations of flashing lights (i.e. magnetophosphenes) can be generated when 
small electric fields induced by gradient magnetic fields drive action potentials in photo-
receptors in the eye.  Similarly, taste sensations are possible due to induced electric fields on the 
tongue which can result in a metallic or acidic taste.  Lastly, magnetic vestibular stimulation can 
occur in the MR environment which manifests itself as a feeling of motion sickness (i.e. vertigo).   
During MR image acquisition, the patient or animal is exposed to pulsed RF 
electromagnetic radiation at the Larmor frequency.  Unlike x-ray radiation, RF radiation has 
insufficient energy to ionize an atom (i.e. non-ionizing) and cause alterations in molecular 
configurations.  However, the electric field component of the RF radiation is absorbed by the 
body and can result in local tissue heating.  The amount of RF electromagnetic energy absorption 
is measured by the specific absorption rate (SAR) which has units of W/kg.  In MRI, dangerous 
tissue heating from RF radiation is avoided by operating the scanner within strict SAR limits set 
by the FDA (2 W/kg whole-body and 4 W/kg head). 
In summary, under normal operating conditions (i.e. under the FDA limits on SAR and 
slew rate), MRI is a safe imaging modality which produces no known harmful bioeffects.  
Consequently, MRI is well suited for pediatric studies such as those described in this 
dissertation. 
 
1.4 Challenges to an MR-guided Feeding Tube Placement Approach 
 Active MR tracking of guidewires and catheters has been demonstrated in conventional 
MR systems and several animal studies have demonstrated the feasibility of the approach (30-
35).  In active MR device guidance, the medical devices carry little or no intrinsic MR signal, 
and thus are usually the least-conspicuous feature in an MR image.  Instead, active MR device 
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guidance relies on small device-mounted pickup coils to receive local MR signal in the presence 
of frequency encoding gradients to locate the device in three dimensions.  Although active MR 
guidance has been demonstrated with many devices (catheters, biopsy needles, ultrasound 
probes, among others), MR tracked enteral feeding tubes have yet to be considered or developed 
(34, 36-38).  MR-guidance of enteral feeding tubes would provide the ability to place the tubes 
using soft tissue anatomic landmarks that are immediately adjacent to the tube instead of the 
remote boney anatomy used in fluoroscopic procedures.  Accidental airway misplacement will 
likely be reduced or eliminated due to the ability to visualize both the trachea and esophagus 
relative to the feeding tube.  More importantly, MR-guided feeding tube placements would 
eliminate both the patient’s and clinician’s exposure to ionizing radiation.  Despite the many 
potential benefits offered by an MR-guided feeding tube placement approach, certain challenges 
must first be addressed. 
 
1.4.1 Patient Accessibility 
 Modern MRI magnets are typically constructed with a 60-70 cm diameter patient bore 
and 140 cm bore length.  This magnet design has limited the widespread clinical use of MR-
guided interventions due to the limited accessibility to the patient while he/she is in an MR 
scanner.  This problem is amplified in the neonatal population due to the large size mismatch 
between modern MRI scanners and the neonate.  Neonatal MR-guided interventions in the 
middle of such a large magnet are not practical; and to date, these factors have precluded the use 
of interventional MRI for neonatal patients. 
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1.4.2 Adverse Conditions 
 Feeding tube placement procedures are performed by inserting the tube through body 
cavities which can be filled with air (nose, esophagus, duodenum, jejunum).  Since air has no 
intrinsic MR signal, the detected signal amplitude during MR tracking will likely be reduced 
leading to low SNR.  Low SNR signals can compromise the accuracy and precision of MR 
tracking and make device guidance difficult.  New tracking methods are needed to optimize the 
accuracy and precision of active MR tracking in these adverse conditions in order to properly 
place a feeding tube in a neonate with MR guidance. 
 
1.4.3 Radiofrequency Heating of Micro-coaxial Wires 
 Actively tracked MR devices necessitate small conducting coaxial wires to attach the 
solenoid tracking coils to the MR scanner.  A major engineering challenge for the design and use 
of any conducting structure within the bore of an MR scanner is the potential for the creation of 
standing electromagnetic waves.  These standing waves have the ability to create high electric 
fields which can drive current flow and burn the patient.  This is a generic phenomenon that can 
be present in cardiac pacemaker leads, catheters, guidewires, and likely MR-guided feeding 
tubes.  A strategy to reduce or eliminate this phenomenon is needed to ensure patient safety 
during MR-guided feeding tube procedures. 
 
1.4.4 Device Development and Testing 
 Active MR-guided feeding tubes need small tube-mounted solenoid tracking coils.  These 
tracking coils need to be added to the device while maintaining the integrity of the feeding lumen 
and without any drastic change to the maneuverability of the device.  Adding tracking coils to 
the device presents a major challenge in device development since each solenoid coil requires a 
coaxial cable which runs the length of the tube to connect to the MR scanner.  Additionally, 
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guidewires which are often used to place feeding tubes under fluoroscopic guidance are mostly 
made from ferromagnetic material(s).  A new guidewire design is required for an MR-guided 
placement since ferromagnetic objects are dangerous in the strong magnetic fields of an MRI 
system.   
 Testing of the developed devices will also present challenges.  New test procedures will 
need to be developed to test device maneuverability, tracking coil accuracy/precision, and overall 
feasibility of a neonatal MR-guided feeding tube procedure.   
 
1.5 Dissertation Overview 
 This dissertation investigates the hypothesis that magnetic resonance can be used to 
guide nasojejunal feeding tube placements in neonates providing improved device visualization 
over fluoroscopic methods without ionizing radiation if certain challenges are overcome.  These 
challenges include: 1) the size mismatch between an adult sized MR scanner and the neonate, 2) 
inaccuracies in active MR tracking caused by non-ideal conditions, 3) RF heating of the 
conducting wires used to connect MR tracking coils to the MRI system, and 4) design and testing 
of NJ tubes which can be reliably placed under MR-guidance.   
 Chapter 2 describes the development of two novel neonatal MRI scanners developed to 
overcome the size mismatch between an adult sized MRI scanner and the neonate.  These small 
footprint MRI scanners were designed in the Imaging Research Center (IRC) at CCHMC.  The 
first neonatal MRI scanner served as a prototype and was sited in a Biosafety Level 2 (BSL 2) 
room for preclinical research.  The second scanner was sited directly in the NICU and is now 
used for routine clinical scanning of preterm babies.  Development of the neonatal scanner was 
an essential first step towards MR-guided interventions in neonates, and in particular MR-guided 
enteral feeding tube placements. 
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 Chapter 3 evaluates techniques to overcome accuracy and precision limitations in active 
MR device tracking caused by adverse conditions: resonance offset errors and low SNR.  This 
chapter evaluates previously published accuracy and precision error correction methods 
(Hadamard Multiplexing and Phase-Field Dithering), assesses the potential benefits from a 
centroid pixel method, and introduces the novel concept of micro-transmit tracking.  Evaluating 
and improving the accuracy and precision of active MR device tracking was vital to the 
development of a NJ feeding tube which can be reliably placed in neonates under MR guidance. 
 Chapter 4 explores RF heating of long conducting structures in the MRI environment.  
This chapter explains the theory behind RF heating of metallic devices during MRI, several 
strategies to reduce RF heating, and the challenges related to building interventional MRI 
devices.  Novel approaches to reduce RF heating of long conducting structures are introduced 
(e.g. electrical length modulation and dielectric bands) and electromagnetic simulation and 
experimental validations are described.  Since MR actively tracked devices necessitate coaxial 
cables attached to the device mounted tracking coils, reducing RF heating of long conducting 
structures was essential to the development of a safe MR-guided NJ feeding tube for neonates. 
 Chapter 5 illustrates the design and test process of a novel MR-guided NJ feeding tube 
for neonates.  The design process involved solid modeling, material research, and 
electromagnetic simulation.  Device building consisted of multiple prototypes as well as several 
design revisions.  Testing was performed in phantoms to assess RF heating, accuracy/precision 
of the MR tracking coils, device guidance, and mechanical stability of the device.  
 In Chapter 6 a study to assess the performance of the MR-guided NJ feeding tube 
developed in chapter 5 is described.  New Zealand white rabbits were chosen as the animal 
model due to their similar size to a neonate.  Several feeding tube placement procedures were 
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performed both under X-ray and MR guidance in order to assess the potential benefits offered by 
an MR-guided approach to neonatal feeding tube placements. 
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Chapter 2: Neonatal Magnetic Resonance Imaging 
 
2.1 Introduction and Significance 
 
2.1.1 Premature Birth 
 Premature birth is defined as a birth which takes place earlier than 37 weeks of 
gestational age (three weeks prior to the due date).  Premature babies are typically small, fragile, 
and not fully developed.  These preterm babies have an increased risk of health complications 
and often require close medical attention.  Premature birth is the single leading cause of infant 
deaths, and babies who survive can face lifelong problems such as cerebral palsy and respiratory 
complications.  In the United States, approximately 1 out of 9 babies are born prematurely.  The 
incidence of premature birth in the United States has increased by over 30% in the last three 
decades.  In the United States, the number of premature deliveries currently exceeds 500,000 per 
year, which results in high rates of infant mortality (30th in the world) and subsequent morbidity 
of surviving premature infants (estimated annual cost of $26 billion to society) (39-42).  
Premature birth has become a significant health concern and provides a compelling rationale for 
improving the standards of neonatal care. 
 
2.1.2 Current Role of MRI in Clinical Care of Neonates 
 Clinical neonatal MRI scans of the brain, abdomen, lung, and even whole body have 
shown to be useful in a number of research studies.  MRI is often preferred over other imaging 
modalities due to its excellent soft tissue contrast without the use of ionizing radiation.  The 
demand for MRI of neonates is on the rise due to the prevalence of complications commonly 
found in premature babies: Necrotizing Enterocolitis, Intravascular Hemorrhage, and Respiratory 
Distress Syndrome (43-57).  Early identification, diagnosis, and treatment of these conditions are 
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essential to reducing neonatal mortality and promoting normal growth and development of the 
baby. 
 
2.1.3 Neonatal MRI Challenges 
 To date, the use of magnetic resonance imaging for the clinical management of babies 
has largely been limited by the design of modern MRI scanners.  Modern MRI magnets are 
typically constructed with a 60-70 cm diameter patient bore and 140 cm bore length to 
accommodate a wide spectrum of adult patients.  The high cost, substantial weight, and large 
footprint of these units, limit the number of MRI systems that an institution can purchase and 
support.  In order to maximize and facilitate their use, MRI scanners are typically placed in 
Radiology departments to allow easy inpatient and outpatient access, and are typically operated 
on a tight schedule.  Neonates, on the other hand, reside in NICUs that are typically far away 
from the main MRI facilities (43-45, 48, 49, 51, 53, 56, 58-75).  Transportation of an infant 
between the NICU and the MRI facility places the infant at increased medical risk.  In addition, 
it poses logistical challenges to the attending medical team, and can incur significant costs.  
Furthermore, neonates are very small with respect to a conventional-sized magnet, and MR-
guided interventions in the middle of such a large magnet are not practical.  The lack of MRI 
technology designed for premature babies has been a critical barrier to the widespread use of 
both MRI and interventional MRI in the neonatal population.  
 
2.2 Neonatal MRI Systems Development and Testing 
2.2.1 Systems Overview 
 Two small bore 1.5 Tesla GE Optima™ 430s MR scanners (GE Healthcare, Waukesha, 
WI) originally designed for orthopedic use were adapted for neonatal use.  Several modifications 
and add-ons were developed to convert the orthopedic MR scanner to a neonate specific MRI 
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scanner: the magnet was raised and leveled, a custom neonatal patient table and alignment 
system was developed, imaging electronic subsystems from a fully capable adult sized GE 
scanner were integrated, and custom RF coils were developed.  These MRI systems have two 
complete sets of imaging electronics: the original ONI designed hardware (referred to henceforth 
as ONI electronics), and the GE MRI system electronics (GE Healthcare, Waukesha, WI) sold 
with their 15.x, 16.x, and 23.x generation whole-body MR scanners (referred to henceforth as 
HDx electronics).  This novel configuration permitted the small orthopedic magnet to be used 
with a full featured MR imaging system which includes options such as cardiac and respiratory 
gating, DWI, multi-coil imaging, spectroscopy, active MR device guidance, and many other 
features not supported by the stock ONI electronics.    
 These 1.5 Tesla MR scanners are the first scanners designed to address the challenges of 
neonatal MRI by scaling the system to the size of the baby, and are the first in the world capable 
of imaging premature babies without fully uncoupling them from their incubators.  The first of 
these scanners serves as a prototype and is located in a Biosafety Level 2 laboratory and is used 
for preclinical and engineering research.  The second is located in the NICU at CCHMC and is 
routinely used for clinical scanning of neonates.  Development and testing of the two neonatal 
MRI scanners involved several departments at CCHMC as well as over forty faculty members, 
graduate students, and staff members.  My direct contributions to the development and setup of 
the neonate scanners are listed in A1. 
 
2.2.2 Systems Design and Integration 
Although involved with all aspects of development and testing of the neonatal scanner, 
my primary contributions were in the integration of HDx electronics from a standard clinical 1.5 
Tesla GE MRI scanner (GE Healthcare, Waukesha, WI).  The integration involved modifying the 
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GP3 subsystem, developing a gradient/RF switch, system calibration/qualification, and some 
custom RF coil development.  Additional aspects of the system design performed by other team 
members included: a custom patient table, a modified table docking system, and additional 
custom RF coils. 
 
2.2.2.1 GP3 Subsystem 
 The GP3 is the subsystem in an HDx (GE Healthcare, Waukesha, WI) MR scanner that 
accepts bit-serial gradient waveform data on fiber optic cables.  It then converts these signals into 
analog electronic signals that are passed to the gradient amplifiers.  Several modifications were 
made to permit the GP3 to drive the 261HC Copley amplifiers (Analogic Corp, Peabody, MA) in 
the ONI electronics of the OPTIMA™ 430s system.  One major modification bypasses the 
negative feedback circuitry of the GP3 to allow simple open-loop analog signals to be passed to 
the 261HC Copley amplifiers (Analogic Corp, Peabody, MA).  In a standard GE clinical scanner 
(GE Healthcare, Waukesha, WI) the GP3 is connected to the three gradient amplifiers (X, Y, and 
Z) by three 37 pin D-subminiature cables and to the gradient power supply by an additional 37 
pin D-subminiature cable.  In the neonate scanner, however, the HDx gradient amplifiers and 
power supply are not present.  A GP3 interface box (Figure 2.2-1) was created to permit proper 
GP3 function and to prevent fault conditions by emulating the presence of this hardware.  The 
interface box was responsible for placing the GP3 into normal operating mode, completing the 
GP3 cable interlocks, and interfacing the gradient waveforms from the GP3 to the ONI gradient 
amplifiers.  Cable interlocks were completed by bridging the cable interlock pins of the X, Y, 
and Z gradient cables as well as the gradient power supply cable.  Gradient power supply 
presence was emulated by establishing current flow on the necessary pins of the X, Y, and Z 
gradient cables as well as the gradient power supply cable.  Lastly, three panel mounted twin-
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axial connectors carried the gradient waveforms to the ONI 261HC gradient amplifiers.  
Schematic and circuit board design was performed in PADS (Mentor Graphics, Wilsonville, OR) 
and the circuit boards were built in the RF engineering lab at CCHMC with a LPKF 930s circuit 
board milling machine (LPKF Laser and Electronics, Tualatin, OR). 
 
 
2.2.2.2 Custom Relay System and LCD Display 
 A gradient/RF switch was designed to allow the operator to easily switch between the 
standard ONI electronics of the GE Optima™ 430s and the newly integrated HDx electronics.  A 
complex relay circuit was designed in PADS (Mentor Graphics, Wilsonville, OR) and built in-
 
 
Figure 2.2-1 GP3 interface box.  1: 37 pin X gradient cable and hardware emulation circuitry 
2: 37 pin Y gradient cable and hardware emulation circuitry 3: 37 pin Z gradient cable and 
hardware emulation circuitry 4: 37 pin gradient power supply cable and hardware emulation 
circuitry 5: X gradient signals carried by a twin-axial connector 6: Y gradient signals carried 
by a twin-axial connector 7: Z gradient signals carried by a twin-axial connector 8: Circuit 
protection fuse 9: 3.3 volt power supply. 
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house with an LPKF 930s circuit board milling machine (LPKF Laser and Electronics, Tualatin, 
OR) (Figure 2.2-2A).  The circuit allowed the operator to switch all three gradient cables (X, Y, 
and Z) as well as the RF coil cables (I and Q) with a single button push (Figure 2.2-2B).  
Additionally, toggle switch controlled gradient polarity inverters were added to overcome the 
inability of the ONI electronics to set the patient position and orientation (Figure 2.2-2C).  Each 
patient position and orientation is uniquely defined by a combination of gradient polarity 
inversions and or cable swaps (Table 2.2-1).  In the system, ONI patient orientation and position 
are displayed on a liquid crystal display (LCD) driven by a PIC16F886 microcontroller (Figure 
2.2-2D).  LCD circuit development required schematic and circuit board development in PADS 
(Mentor Graphics, Wilsonville, OR).  Custom C code (Appendix A2) microcontroller software 
was developed in MPlab (Microchip Technology Inc., Chandler, AZ).  Microcontroller interrupts 
were programmed to monitor gradient polarity relay states and display the corresponding 
position and orientation associated with each state.  A block diagram of the gradient/RF switch 
operation is detailed in Figure 2.2-3. 
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Table 2.2-1 Patient position and orientation defined by gradient polarity inversion 
and/or cable swaps. 
Figure 2.2-2 Gradient and RF relay system.  A: relay circuit responsible for switching x, y, 
and z gradient cables, RF coil wires (I and Q), and inverting gradient polarities to set patient 
orientation and position on the ONI scanner.  B: Push button which controls relay state to 
switch between GE and ONI systems.  The buttons light to indicate the currently selected 
system. C: gradient polarity inverters used to set the patient orientation and position on the 
ONI scanner.  D: LCD display to indicate the set orientation and position of the ONI scanner.  
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2.2.3.3 Custom Built Radiofrequency Coils 
 The stock ONI scanner has interchangeable transmit/receive body coils of various sizes 
(18 cm, 16 cm, 14.5 cm, 12.3 cm, and 10 cm).  The standard ONI electronics only permit the use 
of these stock body coils for imaging.  On the other hand, operating the scanner with the HDx 
electronics permits the use of both stock ONI body coils and custom built HDx coils.  Several RF 
coils were modified and/or designed for the neonatal MRI scanner in order to optimize image 
quality.  A few stock transmit receive ONI body coils were converted from a low-pass to high-
Figure 2.2-3.  Block diagram illustrating role of the gradient waveform relay switch circuit.  
The DAC daughter boards are modified so the input they provide to the ONI amplifiers can 
come from either the on-board digital to analog converters (i.e. from the ONI system), or 
externally from the HDx system.  The use of a relay switch circuit prevents any gradient axis 
from being simultaneously controlled by both the ONI and HDx systems. 
31 
 
pass design and each rung of the coil was replaced with thick copper tubing (Figure 2.2-4A).  
The new design resulted in approximately a 20% gain in SNR.  Additionally, an acoustically 
quieter transmit/receive body coil was developed by wrapping a custom built 18 cm body coil in 
Acoustiblok material (Acoustiblok Inc, Tampa, Florida) in order to minimize vibrations in the 
body coil induced by the gradient coils (Figure 2.2-4D).  This design resulted in a 9 dBA average 
reduction in acoustic noise (76).  Additionally, a switched frequency 3He (48.65 MHz) and 1H 
(63.86 MHz) high-pass birdcage coil was built for the 1.5 Tesla neonatal MRI scanner (Figure 
2.2-4B).  This coil permits the imaging of gas filled cavities such as the lungs with 
hyperpolarized 3He gas and also allows for standard proton (1H) imaging with the simple turn of 
a mechanical switch.  Lastly, a transmit only body coil (Figure 2.2-4E) was designed for use with 
a variety of custom built HDx phased array receive only surface coils (Figure 2.2-4C).  This 
approach allowed each coil design to be tailored to the anatomy of interest.  This reduced the 
coil-to-anatomy distance, thus increasing SNR and optimizing overall image quality. 
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2.2.2.4 Patient Handling 
 A custom patient handling system consisting of a modified HDx docking system and a 
neonatal patient table were designed and built for the neonatal MRI scanner.  A moving patient 
table and docking system was necessary to reliably place the anatomy of interest at the center of 
the imaging volume.  The conventional ONI adult orthopedic scanner does not come with a 
patient table or docking system.  The HDx system on the other hand, comes with a moving 
patient bed that rides on a detachable table that is docked to the magnet during scanning.  Since 
the HDx patient table and docking mechanism were designed for a full-sized magnet, the 
neonatal MRI required a modified docking system and a custom patient table to fit the smaller 22 
cm bore of the neonatal MRI scanner.  The longitudinal drive motor (MG3 A7), magnet interface 
(MG3 A1), home flag, and drive belt were removed from the standard HDx docking system and 
Figure 2.2-4 Custom RF coils developed for the neonatal MRI scanner.  A: Modified 18 cm 
body coil converted from a low-pass to high-pass design with thick copper tubing added. 
B: Switched frequency 3He (48.65 MHz) and 1H (63.86 MHz) high-pass birdcage coil.  C: 10-
channel receive only phased array cardiac coil.  D: Acoustically quiet coil.  E: Transmit only 
body coil. 
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attached to a custom built docking frame (Figure 2.2-5A) designed to mate with a novel patient 
table (Figure 2.2-5B).  This approach preserved the stock HDx system’s ability to landmark on 
the anatomy of interest and advance the patient to the isocenter of the magnet.  A novel patient 
table was also built which mated directly with the modified docking system.  The table was 
primarily constructed from extruded aluminum and consisted of an exchangeable half-pipe, a 
moving platform, a frame, wheels, and a latch.   
 The patient table accepts a set of exchangeable half-pipes made from painted G10 
fiberglass material.  The half-pipes are sized to fit inside the various RF body coils of the 
neonatal MRI scanner.  The sliding platform on the top of the table (Figure 2.2-5B #5) allows the 
anatomy of interest to be easily moved to the landmark position, locked in place, and advanced 
to the imaging position inside the MRI scanner.  The unique combination of a modified docking 
system and a custom patient table allowed for complete preservation of the stock patient 
handling functionality of a standard HDx scanner, and thus did not require any modifications to 
the HDx host computer software. 
 
 
 
Figure 2.2-5 Modified docking system (A) and custom patient table (B).  1: longitudinal drive 
motor (MG3 A7) 2: magnet interface (MG3 A1) 3: drive belt 4: interchangeable half-pipe 5: 
moving platform 6: wheels 7: frame 8: latching mechanism. 
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2.2.3 Neonatal MRI: System Testing and Qualification 
 Once both systems were designed, built, and installed: three studies were performed to 
confirm proper scanner function, ensure patient safety, and qualify the system for routine clinical 
use in the NICU.  The publications describing these studies are: “An MR System for Imaging 
Neonates in the NICU: Initial Feasibility Study” (77), “Characterization of Acoustic Noise in a 
NICU MRI System” (78), and “MRI in the Neonatal ICU: Initial Experience Using a Small- 
Footprint 1.5-T System” (79).  The first study which was performed with preterm twin lambs 
served to verify proper scanner function, assess the feasibility of imaging neonates, and uncover 
potential patient handling issues.  The second study compared the acoustic noise of the neonatal 
MRI to a conventional 1.5 T MRI system.  The purpose of this study was to assess acoustic noise 
of the neonatal MRI to verify levels below physiologically damaging levels.  Lastly, the initial 
clinical study of healthy neonates served as a pilot study for CCHMC institutional review board 
(IRB) approval in order to release the scanner for routine clinical use in the NICU. 
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2.3.1 Introduction 
 While Magnetic Resonance Imaging has become an important and powerful diagnostic 
tool in adult and pediatric radiology, its potential for diagnosing disease in premature babies is 
not yet fully realized.  The few babies receiving MRI today are typically transported from the 
Neonatal Intensive Care Unit (NICU) to the main Radiology department and scanned in an adult-
sized MR system (80-85).  MR-compatible incubators with integrated RF coils have been 
developed and are commercially available, but their use requires that NICU staff accompany the 
neonate out of the NICU (46, 55, 73, 83-90).  Even with MR-compatible incubators, the medical 
risk involved in the transport of babies typically precludes the smallest and sickest infants from 
receiving MR exams.  In addition, image quality (e.g. Signal-to-Noise (S/N) and spatial 
resolution for a given scan time) is compromised by the size mismatch between the neonate and 
the adult-sized scanner and/or the lack of appropriately sized RF coils.   
 In the late 1990’s, a group at Hammersmith Hospital in London together with Oxford 
Magnet Technology Ltd (Eynsham, Oxford, UK) and Marconi (Picker) International Inc. 
(Cleveland, Ohio, USA), brought MRI to the baby by installing a 1.0 Tesla (T) system developed 
specifically for the neonate in the NICU.  This system was primarily utilized for cranial MR 
imaging (MRI) and spectroscopy (MRS) in premature infants (55).  The scanner had several 
undesirable characteristics (e.g. limited Field-of-View (FOV), and a 2T fringe field), and has 
since been replaced by a conventional 3.0T MR scanner (86).  Unfortunately, the use of an adult-
sized MR system retains the disadvantages associated with the size mismatch between the 
neonate and the scanner and the relatively long bore length limits visual and rapid physical 
access to the neonate during the exam.  Also, the safety risks associated with ferromagnetic 
objects in the scan room are greater at the higher field strength and with an adult-sized magnet 
bore (83).  In addition, increased risk for tissue heating (i.e. Specific Absorption Rate (SAR) 
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increases 4 fold as magnetic field strength is doubled from 1.5T to 3.0T) and limited availability 
of MRI-compatible equipment are concerns at the higher field strength.  A group in Sheffield, 
England has addressed these concerns by installing a small customized low field (0.17T) MR 
system (InnerVision MRI Ltd, London, UK) in the NICU at their institution (87).  However, the 
types and sophistication of the MRI acquisitions that can be performed on this system are 
severely limited by the inherently lower S/N at 0.17 T.  
 Results from these institutions and others have shown that MRI and MRS do in fact have 
substantial potential benefits for neonatal medicine (44-46, 52, 54-57, 62, 64, 67, 71-74, 84, 85, 
88-102).  However, the most significant barrier to the extensive use of MRI in neonatology is the 
challenge associated with exam logistics.  This paper reports our experience with the 
development of a dedicated small footprint, high field strength neonatal MR unit that has been 
installed in a preclinical imaging research laboratory at our institution and the results of the 
initial imaging studies performed in a lamb model of human prematurity.  The imaging data 
collected was used to assess the efficacy and potential of this platform for human neonatal MRI.  
The data presented here has justified the installation of another small-bore MR system with the 
identical configuration in our institution’s NICU.  This second system is now being used to 
perform clinical neonatal MRI exams. 
 
2.3.2 Materials and Methods 
 
2.3.2.1 Neonatal MRI System 
 We have adapted a small, 1.5T MR system designed for orthopedic applications, and 
originally developed and marketed as the MSK Extreme 1.5T by ONI Medical Systems 
(Wilmington, MA).  Recently, GE purchased ONI and the scanner is now being marketed as the 
OPTIMA™ MR430s (GE Healthcare, Waukesha, WI) and will be referred to as such for the 
38 
 
Figure 2.3-1 Photograph of the 1.5-T 
OPTIMA MRI system after modification 
for neonatal imaging.  Modifications to 
the OPTIMA™ system at the time of the 
sheep studies included increasing the 
magnet height and leveling to true 
horizontal.  Additional modifications 
made subsequent to the sheep studies 
included: (1) replacing the chair used to 
support the patient for extremity 
scanning by a customized patient table, 
and (2) integration of the measurement 
control electronics, RF chain and system 
operating software of a state-of-the-art 
1.5-T adult-size scanner with the basic 
OPTIMA™ system to enable the full 
spectrum of advanced imaging 
capabilities. At present, two enhanced 
neonatal MRI units are installed and in 
operation at our institution. One system 
is located in the Imaging Research Center 
and is being used for preclinical research 
(such as the initial preterm sheep study). 
The second neonatal MRI system is 
located in the NICU and is being used to 
perform patient examinations and clinical 
research studies. 
remainder of the manuscript.  Several modifications to the OPTIMA™ scanner were made to 
accommodate neonatal imaging.  Specifically, the orientation and height of the magnet were 
changed (Figure 2.3-1) and the patient chair was replaced with a custom-built MR patient table. 
The magnet is superconducting and has a field strength of 
1.5T.  The scanner has a maximum patient bore diameter 
of 21.8 cm (without RF coil), and roughly twice the 
gradient strength (70mT/m) and slew rate (300T/m/s) of 
the best conventional adult whole-body systems.  Unlike 
the majority of adult sized commercial scanners, the 
OPTIMA™ system does not have a fixed RF body coil.  
Single channel transmit/receive volume coils with inner 
diameters (ID) of 180 mm, 160 mm, 145 mm, 123 mm, 
100 mm, and 80 mm are delivered with the system for 
imaging.  A comparison of the specifications of the 
OPTIMA™ and a conventional GE HDx whole-body 
1.5T scanner is provided in Table 2.3-1.  The salient 
differences between the two systems include patient 
bore diameter, location of the 5 Gauss line, magnet 
weight, cryogen requirements and gradient performance.  
Magnet room RF shielding and air temperature and 
humidity requirements for the neonatal scanner are 
identical to those required for adult sized MR systems.  
Importantly, despite the superior gradient performance 
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afforded by the smaller gradient RF coils, acoustic noise, and the potential for peripheral nerve 
stimulation are less than that of conventional adult sized MRI scanners.  Vital signs (e.g. ECG, 
oxygen saturation, body temperature, respiration) are monitored during scanning using MRI 
compatible equipment. 
 
 The technical performance of the NICU MRI unit was evaluated and compared with that 
of a state of the art adult sized 1.5T whole body MR scanner.  Identical imaging protocols were 
used to collect axial spin echo (SE) images of a standard phantom with both the neonatal MR 
scanner and  a conventional adult-sized whole body 1.5T HDx GE MRI system (GE Healthcare, 
Waukesha, WI), using similarly-sized volume RF coils.  The images were evaluated for S/N, 
geometric accuracy/fidelity and spatial resolution.  S/N measurements were obtained by dividing 
the mean signal intensity of a 730 mm2 circular region of interest (ROI) placed at the center of a 
System Characteristics Conventional MRI System NICU MRI System
Field strength (T) 1.5, active shielded 1.5, active shielded
Magnet type Superconducting, active and passive shims Superconducting, passive shims
Fringe field (5-G line) (m) 4.0 X 2.5 (axial x radial) 1.85 X 1.125 (axial x radial)
Bore (cm)
    Internal diameter 60 (with body RF coil) 21.8c
    Lengtha 90 51.8
Magnet weight (with cryogens and        
gradient coil), lb (kg)
12,170 (5,532) Magent < 900 (408); compressor 
weight 203 (92)
Field stability (ppm/h) <0.1 0.1
Helium capacity (I) 2,000 (nominal) liquid helium 49 (nominal) liquid helium
Helium refills Approximately every 4 years Typically not required
Gradient
     Strength (mT/m) 30 70
     Slew Rate (T/m/s) 120 300
RF transmit/receive
     Frequency 63.8 MHz ± 600 kHz 63.8 MHz ± 63.8 kHz
     Power 21 kW (body), 4 kW (head) 2 kW peak RMS, 75 W average
Acoustic noise (dBA)b
     Average 97.5 ± 2.9 96.2 ± 2.6
     Worst case 103 (DWI) 91 (SSFP)
aNot including the flare from the end of the magnet.                                                                                                                           
bAcoustic noise measurements reported here were made as part of this study.
Table 2.3-1 MRI system specification comparison: conventional (1.5-T HDx GE) and NICU 
(1.5-T OPTIMA™ MR430s) MRI systems. 
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homogeneous portion of the phantom by the standard deviation of the noise measured for an 
identically-sized circular ROI placed outside the phantom.  Geometric fidelity was assessed by 
measuring the inner diameter of the phantom at identical slice locations for both scanners and 
comparing the measured values against the known dimension reported by the phantom 
manufacturer.  Spatial resolution was evaluated by the ability to clearly resolve 3 mm spaced line 
pairs.     
 The inherent acoustic noise characteristics of the NICU MRI scanner were evaluated with 
Sound Pressure Level (SPL) measurements and compared to those from a conventional adult-
sized whole body 1.5T HDx GE MRI system with the sensor placed at the iso-center of both 
units.  A Brüel & Kjaer model 2250 sound level meter (Brüel & Kjær Sound & Vibration 
Measurement A/S, Denmark) was used to perform the SPL measurements for six different 
standard MR acquisitions using clinically relevant  parameters: (spin echo (SE), gradient echo 
(GE), fast RF spoiled GE, echo planar imaging (EPI), fully balanced steady state free precession 
(SSFP), and diffusion weighted imaging (DWI)).  The MR sequences, acquisition parameters, 
noise measurement equipment and methodology were identical for the two systems.  The average 
SPL in units of A-weighted decibels (dBA) was recorded for each of the MR acquisition/MR 
system combinations evaluated.  The SPL in units of dB as a function of frequency over the 
range of 50 – 20,000Hz was also documented for each MR acquisition/MR system tested. 
 
2.3.2.2 Animal Model 
 Animal MR imaging studies were performed on the preterm twin lambs of six ewes 
during their first seven hours of life.  The animal protocol was approved by the Institutional 
Animal Care and Use Committee (IACUC) at our institution.  The six sets of preterm twin sheep 
were delivered by Caesarean section at 129-132 days gestational age (GA) from the ventilated 
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ewe under general anesthesia (20mg/kg Ketamine (Fort Dodge Animal Health, Fort Dodge, 
Iowa) + 0.1 mg/kg IM Xylazine (Lloyd Laboratories, Shenandoah, IA) and spinal/epidural 
anesthesia (8 ml 2% Lidocaine (Hospira, Inc., Lake Forest, IL)).  The average birth weight was 
3.3±0.3 kg.  The fetal head and chest were exposed.  The lamb was anesthetized with 
Ketamine/Xylazine (10 mg/kg/0.1 mg/kg IM), and 2% Lidocaine was injected subcutaneously to 
the neck for tracheostomy.  Since preterm lambs at this gestation age require surfactant treatment 
to survive, each was treated with surfactant (Curosurf 100mg/kg, Chiesi Pharma, Italy) through 
the tracheostomy tube and ventilated with 30 cm H2O peak inspiratory pressure (PIP) and 4 cm 
H2O peak positive end-expiratory pressure (PEEP).  Each newborn lamb was then covered with 
plastic wrap to maintain body temperature, ventilated using a pressure-limited infant ventilator 
(Sechrist Industries, Anaheim, CA), and transferred to the imaging suite for the MRI exam. 
Ventilation was maintained uninterrupted throughout the seven hour imaging session. 
 
2.3.2.3 Physiologic Monitoring 
 The lambs were monitored like human preterm infants in the NICU, with special 
attention paid to heart rate, blood pressure, oxygen saturation, respiration and body temperature. 
Continuous hemodynamic monitoring was accomplished using an InVivo Research Inc., 3150 
MRI Patient Monitoring System (InVivo, Gainesville, FL).  Measurements of physiological 
parameters, including body temperature, blood gas, pH, hematocrit, glucose, tidal volume, PIP, 
and PEEP were made hourly.  To help retain body temperature/heat, the animals remained 
covered in plastic wrap for the duration of the seven hour imaging session.  In addition, during 
scanning, the animals were placed on a pad attached to a heated circulating water bath, 
maintained at 37oC.  A standard warming bed (Ohio NC Neonatal Care Unit (Ohio Medical 
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Devices, Madison, WI)), positioned inside the scan room, maintained body temperature for the 
animals when not being imaged. 
 
2.3.2.4 MRI Acquisition 
 Two preterm sheep were evaluated in each seven hour imaging session (6 sessions total). 
Each lamb was imaged at two to three time points during the seven hour time period.  The 
earliest imaging time point began approximately 30 minutes after birth, and the final images 
were obtained approximately 6.5 hours post-delivery. 
 The duration of the MR imaging performed at each time point ranged from 30 – 60 
minutes.  Imaging was performed with a 14.5 cm volume RF coil.  MR imaging evaluations of 
the brain, chest and abdomen were performed using conventional SE, FSE and GE sequences.  
Some advanced MR techniques such as DWI (a mainstay of neonatal brain MRI exams) are not 
supported by the basic OPTIMA system, and therefore were not available at the time of the 
preterm sheep studies.  The brain was only evaluated once for each animal during the seven hour 
time period since ischemic changes were not expected on the standard MRI sequences.  
However, MR observable changes were anticipated in the lungs and gastrointestinal (GI) tract 
during the first few hours of life (e.g. clearance of interstitial fluid from the lungs and/or 
amniotic fluid and meconium, from the GI tract).  For this reason, chest and abdomen imaging 
were performed at multiple time points for each animal.  For each anatomic location, the MR 
acquisition parameters (e.g. TR and TE) were selected to produce images exhibiting proton 
density (PD), T1-weighted (T1W), T2-weighted (T2W) and T2*Weighted (T2*W) tissue 
contrast.  One or two anatomic locations were evaluated by MRI at each time point.  ECG and 
respiratory gating and/or triggering were not available at the time of these imaging studies. 
Spatial pre-saturation RF pulses were not used in any of the acquisitions.  
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2.3.2.5 Image Evaluation 
 The MR images were evaluated by two experienced board certified pediatric radiologists 
for subjective impressions of image quality based on S/N, contrast to noise (C/N), motion artifact 
and image uniformity.  Any incidental abnormal findings (e.g. atelectasis) were also noted. 
 
2.3.3 Results 
 
2.3.3.1 NICU MR System Performance 
 The S/N of the NICU MRI system was comparable to that of the state of the art adult 
sized 1.5T scanner (S/N = 735 NICU MRI / S/N = 664 Conventional 1.5T GE HDxt).  The 
phantom images demonstrated accurate geometric fidelity and spatial resolution (Figure 2.3-2).  
 
 
2.3.3.2 Acoustic Noise 
 The maximum SPL values measured for the NICU MRI during each of the six MR 
acquisitions were consistently lower (range = 5 – 18dBA) than that of the conventional adult 
sized MR scanner.  The average measured maximum SPL value, reported in dBA, across all 
acquisitions as well as the SPL value for the worst case acquisition are reported in the final row 
of Table 2.3-1.  For the NICU MRI system, the highest SPL value, 91dBA (compared to 96dBA 
Figure 2.3-2 Axial conventional spin-echo images of a standard S/N and spatial resolution 
phantom acquired on the OPTIMA™ MRI scanner demonstrate accurate geometric 
dimensions and good spatial resolution. Acquisition parameters: TR 500 ms, TE 14 ms, FOV 
160 mm, matrix 256×256, slice thickness 5 mm, receiver BW 32 kHz, number of acquisitions 
1, scan time 2 min 8 seconds. 
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on the HDx GE system), was measured for the SSFP sequence.  Alternatively, for the HDx GE 
MRI system, the highest SPL value, 103 dBA (compared to 85 dBA on the NICU MRI system), 
was measured for the DWI sequence.  The measured SPL as a function of frequency showed a 
similar harmonic structure above 200 Hz between the two MR systems for all sequences, albeit 
with lower amplitudes for the smaller gradient coil.  The larger gradient coils of the HDx system 
were substantially louder (as much as 30 dB) at frequencies below 200 Hz.   
 
2.3.3.3 Animals  
 All twelve lambs were maintained well on the ventilator, with stable mean arterial 
pressures of 45±5 mmHg, HR of 143±6 bpm, temperature of 37±0.5°C, PaO2 of 87±20 mmHg 
and PaCO2 of 52±6 mmHg. 
 
2.3.3.4 MRI Exam 
 Each of the twelve animals was imaged at two or three time points, typically 1-1.5 hours 
apart.  The study protocol limited total time available for the imaging, and in a few animals, the 
exam had to be terminated before the entire scanning protocol was complete.  Seven brain MR 
exams were performed in seven separate animals, 23 chest exams in 12 animals and 19 
abdominal exams in 11 animals.  High quality data sets, with small FOV demonstrating high 
spatial resolution, good S/N and tissue contrast, were obtained for all imaging planes at each 
anatomic location.  Five to six data sets, using imaging parameters consistent with standard 
clinical protocols, were routinely acquired within approximately 30 minutes of scan time.  
Representative images are provided below (Figures 2.3-3 through 2.3-9). 
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2.3.3.5 Brain and Spine 
 In all seven lambs in which brain MRI exams were performed, T2W FSE acquisitions 
produced small FOV, high spatial resolution (0.35 mm x 0.35 mm in plane and 2 mm through 
plane) images of the brain demonstrating good contrast between the gray and white matter in 
clinically-acceptable scan times (Figure 2.3-3). For example, 24 - and 36 - 2 mm T2W FSE 
images of the brain with high spatial resolution, could be obtained in scan times of 5:20 and 5:41 
minutes respectively.  Regions of early myelination in the brain were well visualized on T1W 
FSE inversion recovery (IR) images allowing definition of the immature white matter tracts 
(Figure 2.3-4).  Spine images showed excellent tissue contrast and high spatial resolution (Figure 
2.3-5).   
 
 
 
 
 
 
 
 
 
Figure 2.3-3 Fast spin-echo T2-weighted images of the neonatal sheep brain demonstrate a small 
FOV, high in-plane spatial resolution (0.35 mm× 0.35 mm) and excellent tissue contrast. 
Acquisition parameters for (a) and (b): TR 3,000 ms, TE 120 ms, FOV 90 mm, matrix 256×256, 
slice thickness 2 mm, echo train length 12, receiver bandwidth 50 kHz, number of acquisitions 5, 
scan time 5 min 20 s. Acquisition parameters for (c): identical except for TR 4,000 ms, number 
of acquisitions 4, scan time 5 min 41 seconds. 
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Figure 2.3-4 T1-weighted fast spin-echo inversion recovery images of the neonatal sheep brain 
demonstrate increased signal in regions of myelination (arrows). Acquisition parameters: TR 2,200 
ms, TI 750 ms, TE 6.8 ms, FOV 145 mm, matrix 256×256, slice thickness 2 mm, voxel size 
0.57×0.57 mm in-plane and 2 mm through-plane, echo train length 4, receiver bandwidth 65 kHz, 
number of  acquisitions 2, scan time 4 min 42 seconds. 
Figure 2.3-5 Coronal spin density (a) and sagittal T2-weighted (b) images of the spine. No anterior 
saturation pulse was applied. Acquisition parameters: a fast spin-echo inversion recovery, TR 4,000 
ms, TI 155 ms, TE 7.5 ms, FOV 145 mm, matrix 192×256, slice thickness 3.5 mm, voxel size 
0.76×0.57 mm in-plane and 3.5 mm through-plane, echo train length 6, receiver bandwidth 50 kHz, 
number of acquisitions 2, scan time 4 min 16 s; b fast spin-echo, TR 4,000 ms, TE 120 ms, FOV 145 
mm, matrix 256×256, slice thickness 3 mm, voxel size 0.57×0.57 mm in-plane and 3 mm through-
plane, echo train length 12, receiver bandwidth 50 kHz, number of acquisitions 2, scan time 4 min 16 
seconds. 
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2.3.3.6 Chest 
 High-resolution images of the lungs and heart were obtained in all twelve animals.  The 
major chambers and vessels of the heart were clearly visualized in all animals and the pulmonary 
vasculature, trachea and main bronchi of the lungs were well visualized.  Figure 2.3-6 shows a 
pair of images acquired 3.5 hours apart in the same animal demonstrating the gradual clearance 
of fluid from the interstitial space of the lungs during the first few hours of life.  Lung images 
(Figure 2.3-7) acquired in two different animals, both demonstrated regions of parenchymal 
atelectasis, illustrating the diagnostic potential of MRI in evaluating preterm pulmonary disease.   
 
 
 
 
 
 
Figure 2.3-6 Coronal T2-weighted images of the lungs in the same animal acquired 3 h (a) and 6.5 h 
(b) postpartum show decreasing pulmonary parenchymal signal and interstitial markings, indicating the 
gradual elimination of fluid from the interstitial space of the lungs during the first few hours of life. 
Acquisition parameters: fast spin-echo, TR 3,000 ms, TE 81 ms, FOV 145 mm, matrix 256×256, slice 
thickness 3 mm, voxel size 0.57×0.57 mm in-plane and 3 mm through-plane, echo train length 8, 
receiver bandwidth 50 kHz, number of acquisitions 4, scan time 6 min 24 s. The window and level 
settings are the same for both images. 
Figure 2.3-7 Coronal T2-weighted images of the lungs of two animals demonstrate areas of parenchymal 
atelectasis (arrows). Acquisition parameters: fast spin-echo, TR 3,000 ms, TE 81 ms, FOV 145 mm, 
matrix 256×256, slice thickness 3 mm, voxel size 0.57×0.57 mm in-plane and 3 mm through-plane, echo 
train length 8, receiver bandwidth 50 kHz, number of acquisitions 4, scan time 6 min 24 seconds. 
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2.3.3.7 Abdomen 
 The presence of meconium (hyperintense on T1W imaging) in the GI tract post-delivery 
made it possible to consistently obtain high quality images of the bowel (Figure 2.3-8A).  In 
addition, by reformatting volumetric MRI data, it was possible to produce a 3D visualization of 
the GI tract (Figure 2.3-8B).  High spatial resolution renal imaging (e.g. voxel size = 0.57 mm x 
0.38 mm in plane and 2.5 mm through plane and 0.53 mm x 0.53 mm in plane and 3 mm through 
plane) clearly delineating the cortex and medulla was obtainable in 4 to 6 minutes (Figure 2.3-9). 
 
 
 
 
 
 
Figure 2.3-8 Abdominal images acquired during the first few hours of life. The presence of 
intraluminal amniotic fluid and meconium allows excellent visualization of GI anatomy. a Coronal 
T1-weighted spin-echo image of the abdomen. Acquisition parameters: spin-echo, TR 400 ms, TE 
12.2 ms, FOV 145 mm, matrix 192×256, slice thickness 3.5 mm, voxel size 0.76×0.57 mm in-plane 
and 3.5 mm through-plane, echo train length 1, receiver bandwidth 50 kHz, number of acquisitions 3, 
scan time 3 min 50 s (K kidney). b Coronal maximum-intensity projection reconstruction of the bowel 
generated from a 3-D gradient echo dataset. Acquisition parameters: RF spoiled T1-weighted gradient 
echo, TR 30 ms, TE 4 ms, flip angle 60°, FOV 145 mm, matrix 180 × 256, 60 2-mm partitions, voxel 
size 0. 52×0.57 mm in-plane and 2 mm through-plane, receiver bandwidth 50 kHz, number of 
acquisitions 1, scan time 5 min 24 seconds. 
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2.3.4 Discussion 
 The major challenges to the adoption of MRI for everyday clinical use in neonatal 
medicine include the logistical challenges and medical risks associated with transportation of the 
infant from the NICU to the main Radiology department for the exam (83-85).  In addition, the 
size mismatch between the neonate and the adult sized RF coils has a negative impact on the 
image quality (e.g. S/N and spatial resolution).  These obstacles are for the most part mitigated 
by the installation of a small footprint MRI system in the NICU.  By eliminating the logistical 
challenges of moving babies out of the NICU, the medical risk to the neonate due to MRI will be 
reduced greatly.  Although minimized by physically locating the MRI within the NICU, the 
challenges of supporting thermally unstable neonates during the MRI exam remains. For imaging 
outside of the NICU, MRI compatible incubators are used in these instances (46, 55, 73, 75, 83-
88, 90).  However these devices are costly and require coordinated effort and experience to use.  
Although we did not use such a system in the preclinical studies reported here, we anticipate 
Figure 2.3-9 Coronal (a) and axial (b) images of the kidneys (arrows) show high spatial resolution 
and excellent tissue contrast. a Fast spin-echo, TR 3,000 ms, TE 81 ms, FOV 145 mm, matrix 
256×256, slice thickness 3 mm, voxel size 0.57×0.57 mm in-plane and 3 mm through-plane, echo 
train length 8, receiver bandwidth 50 kHz, number of acquisitions 4, scan time 6 min 24 s. b Fast spin-
echo, TR 4,000 ms, TE 120 ms, FOV 145 mm, matrix 256×384, slice thickness 2.5 mm, voxel size 
0.57×0.38 mm in-plane and 2.5 mm through-plane, echo train length 12, receiver bandwidth 50 kHz, 
number of acquisitions 3, scan time 4 min 16 seconds. 
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reporting the development and use of an MR-compatible thermal management system for 
neonatal MRI in a subsequent publication. 
 The neonatal MRI system has several advantages over conventional MRI systems.  For 
example, the small neonatal MRI system is less expensive to purchase and operate.  The lower 
weight, size, fringe field and acoustic noise, makes it feasible for these systems to be placed 
within a NICU.  Another important benefit of the scanner’s small size is the concurrent 
improvement in gradient performance and reduced acoustic noise.  The enhanced gradient 
capabilities of the neonatal MRI system enable small FOV with high spatial resolution to be 
obtained without compromising acquisition parameters such as TR and TE for all MRI 
sequences, as well as enabling short inter echo spacing to be achieved for FSE and EPI MRI 
acquisitions.  The increased gradient performance also has benefit for phase contrast (PC) and 
DWI imaging.  For example, with PC MRI, greater sensitivity to velocity is possible.  For DWI 
imaging, higher b-values for a given TE, or shorter TE values for a given b-value can be realized.  
Since the completion of the initial set of sheep imaging studies, the measurement control 
electronics of a state of the art 1.5T GE scanner was integrated with the basic OPTIMA MRI 
system.  The end result is a dedicated NICU scanner with all of the imaging capabilities of a 
high-end adult sized 1.5T MRI system.  The enhanced NICU MRI platform supports the full 
spectrum of advanced imaging techniques (e.g. MRS, Diffusion Tensor Imaging (DTI), 
functional MRI (fMRI), arterial spin labeling (ASL) and PC) as well as ECG and respiratory 
gating/triggering.  These advanced imaging capabilities and techniques are currently being used 
to perform clinical neonatal MRI exams on the NICU scanner.  Additional system enhancements 
include the development of phased array RF coils and the subsequent use of parallel imaging. 
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 1.5T is the magnetic field strength used by the majority of adult-sized MRI scanners 
today.  3.0T scanners are becoming more popular, particularly for applications in the head.  
Nevertheless, there are limitations to 3.0T imaging of the spine, chest and abdomen (e.g. 
increased susceptibility artifact).  There is also an increased risk for tissue heating at 3.0T and the 
number and types of MRI compatible equipment that are commercially available for use are 
more limited.  Until a small footprint 3.0T magnet is available and demonstrates superior 
imaging capabilities, the S/N and tissue contrast at 1.5T provides sufficient image quality and 
allows for the full spectrum of advanced MRI and MRS techniques to be employed, particularly 
when used with optimized RF coils.   
 We believe this NICU MRI platform will be beneficial particularly for the evaluation, 
clinical management and repeated long term follow up of neonates.  High quality MR exams of 
the brain, spine, chest and abdomen were obtained using clinically relevant imaging protocols in 
comparable scan times.  The preliminary imaging results obtained in premature sheep during the 
first hours of life demonstrate the diagnostic as well as research potential of the neonatal MR 
imaging system.  The quality of the lung images suggest that the neonatal MRI system will prove 
beneficial to the evaluation of pulmonary problems associated with prematurity as well as in the 
investigation of both normal and atypical lung development.  Similarly, the high quality 
abdominal images offer the possibility of the early diagnosis and clinical management of life 
threatening conditions such as necrotizing enterocolitis (47).  Finally, MRI avoids ionizing 
radiation, making it more suitable for such longitudinal evaluations in a neonate.    
 Since MRI image quality is sensitive to motion, sedation is often required to obtain the 
necessary image quality in young children.  In light of the burgeoning evidence to suggest that 
sedation in the neonatal population is fraught with inherent risk, including brain apoptosis, 
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apnea, and bradycardia, there has been an increased emphasis on performing neonatal MRI 
exams without sedation (103-108).  To this end, the “feed and sleep” strategy has been found to 
be effective in many cases (109).  The objective of this approach is to promote and maintain a 
sound sleep throughout the MR exam.  To this end, the infant is the fed approximately an hour 
before the exam, swaddled with warm blankets and/or vacuum bag devices, and the MR room 
lights are set to a low level.  The potential success of this non-sedation approach is further 
benefited by the inherently lower acoustic noise levels of the NICU scanner. 
 It is known that sensory stimulation such as acoustic noise can elicit autonomic instability 
in both term and preterm neonates.  Consequently, various forms of ear protection are routinely 
used at institutions performing neonatal MRI exams.  To date, one study has reported changes in 
heart rate, blood pressure or oxygen saturation in some babies undergoing MRI (80), another did 
not (81) and no acoustic noise related serious adverse effects have yet been reported for the 
neonatal population.  Although the NICU MR scanner is substantially quieter than the 
conventional MR systems used for neonatal imaging today, neonate hearing protection is still 
advisable, and measures to further reduce the acoustic noise for the NICU system are being 
explored.   
 Compared to an adult sized whole body MRI system, the initial capital investment and 
operating costs are much lower for the NICU MRI unit. These advantages are a direct 
consequence of its smaller footprint and fringe field, reduced weight and low cryogen 
consumption.  In addition, by performing the MRI within the NICU, time and staffing demands 
(hence technical costs) associated with the transport of neonates out of the NICU are reduced.  
We anticipate that enabling state of the art MRI to be readily available to the neonatal population 
will have a dramatic positive impact on neonatal medical care and management, leading to fewer 
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complications and/or shortened hospital stays and hence to lower overall medical costs 
associated with premature birth.  Once the clinical/diagnostic benefit of the NICU MRI system is 
demonstrated and the new MR imaging platform gains widespread clinical acceptance, it is 
expected that reimbursement policies associated with its use will be formulated and solidified.  
Once established, we believe the NICU MRI system will prove to have great benefit both 
clinically and economically. 
 
2.3.5 Conclusion 
 Our preliminary experience using a small-bore 1.5T MRI system demonstrates its 
feasibility and potential benefit to neonatal medicine.  This novel MRI system has the potential 
to provide state of the art MRI capabilities to all neonates, including the smallest and sickest who 
are in greatest medical need.  Preliminary experience with the prototype system suggests that that 
this customized neonatal MRI system in its final form may be a model for future NICU MRI 
systems.   
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2.4.1 Introduction 
 
2.4.1.1 Acoustic Noise 
 MRI exams are known to be loud.  Sound pressure level (SPL) is typically measured in 
decibels (dB) or in A-weighted decibels (dBA) that incorporate the frequency response (i.e. 
transfer function) of the human auditory system. Human sensitivity to sound starts at 0 dB; with 
discomfort and/or pain occurring when the sound level exceeds 120 – 140dB (110-112).  Normal 
conversation levels range from 60-65 dBA (113).  SPLs of 81-117 dB are common in clinical 
1.5T  MRI exams (114), but can be as high as 131 dB for high speed acquisitions such as echo 
planar imaging (EPI) (115).  Since it is known that noise exposure can cause hearing loss, 
acoustic noise is an MRI safety parameter that is regulated by the Food and Drug 
Administration’s (FDA).  For standard clinical MRI exams, the FDA requires that peak 
unweighted SPLs do not exceed 140 dB and that A-weighted root mean square (RMS) SPLs 
cannot exceed 99 dBA with hearing protection in place.  Hence, hearing protection is required 
for MR scanning and is typically accomplished with ear plugs which provide roughly 29 – 32 dB 
attenuation in noise exposure.  In addition, noise attenuating head phones are available for adults 
and children older than three months, and depending on size, materials and fit, can provide 
approximately 18-33 dB protection.  However, the size and snug fit of pediatric head phones are 
not appropriate for the small and malleable skulls of newborns.  Hence, ear muffs are often used 
to provide sound attenuation in the neonatal population and can provide up to 7-12 dB protection 
(112). 
 Acoustic noise is a critical issue in neonatal MRI because it can elicit autonomic 
instability in both term and preterm neonates (80).  Excessive SPL is also believed to have a 
detrimental effect, both direct and indirect, on the growth and neurologic development of term 
and preterm infants (116-118).  Several adverse noise-induced health effects have been identified 
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for the preterm population.  These include hearing impairment, sleep disturbance, somatic 
effects, and impaired auditory perception and emotional development (112).  Sleep and normal 
sleep cycles, which emerge at approximately 28–30 weeks gestation, are critical for early 
sensory development and the creation of the permanent neuronal circuits that support the primary 
sensory systems, the creation of long term memories and learning (118, 119).  From 28 weeks 
Gestational Age (GA) to 6 months, infants require large amounts of REM sleep which is 
necessary for the development of the tonotopic organization of the auditory nerves and auditory 
cortex, and the tuning of the hair cells of the cochlea, all crucial for frequency discrimination 
(118).  Hence activity that elevates ambient sound level within the NICU has the potential to 
disrupt sleep, and adversely affect patients.  In addition, background sound levels greater than 
60dB interfere with the infant’s ability to discriminate voice, language, music and other 
meaningful environmental sounds from background noise levels (118).  These considerations 
have profound implications for those considering siting an MRI unit within the NICU 
environment.   
 Although there is a lack of regulatory guidelines defining SPL limits for neonates (114), 
ad hoc limits are frequently employed in the Neonatal Intensive Care Unit (NICU) environment.  
For example, it is recommended that neonatal noise exposure during inter-institutional transport 
be held below 60 dB (120).  For the NICU environment, the American Academy of Pediatrics 
Committee on Environmental Health (1997) recommends a daily noise level (DNL) of 45 dB.  
Alternatively, Graven et al recommend an Leq (hourly time averaged Equivalent Continuous A-
weighted  Sound Level) of 50 dBA, an L10 (SPL exceeded for no more than 10% of an hour) of 
55 dBA, and an Lmax (the single highest SPL over an hour monitoring period) of 70 dBA (117).  
In 2007, and again in 2012, a committee of experts proposed guidelines for acoustic noise 
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exposure in the NICU that recommended the combination of continuous background sound and 
operational sound in the infant rooms should not exceed an Leq of 45 dBA and an hourly L10 of 
50 dBA (121).  In addition, to prevent physiologic stress, Lmax should not exceed 65 dBA (121).  
In light of the lack of firm guidelines limiting short term noise exposure over a single finite time 
interval (e.g. such as during an MRI procedure), we have chosen a conservative target acoustic 
noise threshold of 65 dBA (with hearing protection) during neonatal MRI.  This threshold is 
difficult to achieve with conventional adult-sized MRI systems. 
 Similarly, there are no established standards regarding the types of hearing protection 
used to achieve target sound level exposures for newborn infants.  Passive hearing protection is 
typically a part of every neonatal noise reduction strategy and has been developed and used 
primarily to promote sound sleep.  Foam earplugs and soft-shelled earmuffs are the most 
commonly used passive noise attenuators for neonatal MRI exams.  Since infant sized ear plugs 
are currently not available, adult ear plugs are often used.  In practice, ear plugs must be cut 
down to size for the neonate, and even then, proper insertion can be difficult.  The reduced size 
and poor fit compromise the noise attenuation.  To improve the hearing protection attenuation 
level, a combination of soft shelled earmuffs (MiniMuffs™, Natus Medical Inc., USA) and ear 
plugs can be used. MiniMuffs™ are made of soft foam secured around the ear with hydrogel, 
and are easily attached and removed (112). According to the manufacturer, the earmuffs can 
reduce noise exposure by at least 7 dB (noise reduction rating (NRR) = 7dB) (Natus Medical 
Inc., USA), however, some users have  reported that the same earmuffs were effective in 
reducing the noise levels by 7-12dB (112). 
 The attenuation provided by the combined use of ear plugs and ear muffs is better than 
either device alone, but it is typically less than the combined ratings of the two methods (122, 
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123).  This is due in part to mechanical coupling of the plug and the muff to the body tissues and 
the direct conduction of sound through the skull to the inner ear.  For most adults, bone 
conduction pathways limit the maximum amount of attenuation obtainable with passive hearing 
protection to 35-50 dB (123).  It is known that the degree of bone conduction differs between 
newborns and adults due to the size and thinness of the infant skull (124).  However, the 
maximum limit of hearing protection using passive means has not been determined for the 
neonatal population.  Thus, the only guaranteed way to reduce noise exposure for an infant 
undergoing MRI is to perform scanning more quietly.  
 
2.4.1.2 A new Neonatal MRI system 
 A small footprint high-field MRI scanner for neonatal imaging that can be easily installed 
within the Neonatal Intensive Care Unit (NICU) was developed (77, 79).  The scanner is an 
adaptation of an OPTIMA™ MR 430s (GE Healthcare, Waukesha, WI).  The MRI system has a 
maximum patient bore diameter of 21.8cm (without RF coil), and roughly twice the gradient 
performance of conventional adult whole-body systems.  
 For neonatal imaging the OPTIMA™ magnet was 
raised and leveled.  The chair used for extremity imaging was 
replaced with a customized patient table (Figure 2.4-1).  In 
addition, the control electronics and radio frequency (RF) 
system from a state of the art 1.5 Tesla (T) GE scanner were 
integrated with the basic OPTIMA™ MRI system.  The end 
result is a small footprint 1.5T scanner with imaging 
capabilities equivalent to those of a high-end adult-sized 
Figure 2.4-1 Neonatal MRI system 
installed in the NICU at our institution. 
NICU neonatal intensive care unit. 
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1.5T MRI system.  The enhanced NICU MRI platform supports the full spectrum of advanced 
imaging techniques (e.g. MR spectroscopy, diffusion tensor imaging, functional MRI, arterial 
spin labeling and phase contrast) as well as ECG and respiratory gating/triggering.  The control 
and scan room of the scanner are off of the main corridor of the NICU, immediately adjacent to 
and across from the patient rooms.  
   The purpose of the present study was to compare the noise characteristics of the NICU 
MRI system with that of a conventional adult sized 1.5T MR scanner.  As a consequence of the 
smaller spatial dimensions of the gradient coil, for identical operating conditions (e.g. sequence 
and acquisition parameters), we anticipated that the NICU system would be appreciably quieter 
than an adult sized 1.5T MR unit.  
 
2.4.2 Materials and Methods 
 
2.4.2.1 Acoustic noise evaluation of the NICU and adult sized MR systems 
 Sound Pressure Level (SPL) measurements were performed on the new NICU MRI 
scanner and on a conventional adult sized whole body 1.5T HDxt GE MRI system (GE 
Healthcare, Waukesha, WI).  A Bruel & Kjaer model 2250 sound level meter (Brüel & Kjær 
Sound & Vibration Measurement A/S, Denmark) was used to perform the SPL measurements for 
six standard MR scans (spin echo (SE), conventional gradient echo (GE), echo planar imaging 
(EPI), fast RF spoiled gradient echo (SPGR), fully balanced steady state free precession (SSFP), 
and diffusion weighted (DWI)) using acquisition parameters consistent with clinical neonatal 
protocols (Table 2.4-1). Unmodified product pulse sequences were used for the acoustic noise 
evaluation of both MRI scanners. For both MR systems, the sensor was placed at the isocenter of 
the empty bore.  The MR sequences, acquisition parameters, noise measurement equipment and 
methodology were identical for the two systems.  Since the same model imaging electronic 
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Table 2.4-1 MR protocols used for the acoustic noise evaluation of the NICU and adult-sized 
MR systems. 
 
Sequence TR (ms) TE (ms) FA (deg)
FOV 
(mm) Matrix
Slice 
Thickness 
(mm)
# Slices
RBW 
(±kHz)
SE - Ax 400 10 90/180 160 256x256 3 20 15.63
GRE - Ax 384 13 60 160 256x256 3 9 15.63
FIESTA - Ax 10.5 1.6 70 180 256x256 3 1 125
EPI - Ax 2000 35 90 160 256x256 3 30 125
SPGR - Ax 384 1.5 60 180 256x256 3 9 125
32 125DWI – Ax 
(b=1000) 
Ax = axial, GRE = Gradient Echo, SE = Spin Echo, FIESTA = Fast Imaging Employing Steady-state 
Acquisition, EPI = Echo Planar Imaging, SPGR = Spoiled Gradient Echo, DWI = Diffusion Weighted 
Imaging, FA = Flip Angle, FOV = Field of View, RBW = Receiver Bandwidth.
6000 67.6 90/180 160 256x256 3
subsystems were used for each MR system, gradient amplitudes, waveforms and pulse sequence 
timing were identical for each system.  The average SPL in units of dBA was recorded for each 
of the MR acquisition and MR system combinations evaluated.  The SPL in units of dB as a 
function of frequency over the range of 50 – 20,000Hz was also documented for each MR 
acquisition and MR system tested and the associated average dB sound level was calculated.  
The sound levels measured at the iso-center of the empty magnet bore in this study were dictated 
by the specific hardware configuration, sequence type (e.g. SE, GE, EPI, etc) and specific 
acquisition parameters (e.g TR, TE, FOV, matrix, slice thickness, receiver bandwidth) being 
evaluated.  As such, the sound level (and hence, the measured value) for a given sequence/MR 
system, are expected to be constant across repeated measurements within the tolerance of the 
measuring device.  Consequently, only one set of measurements was obtained for each 
sequence/MR system evaluated.  The average sound levels measured in dB and dBA for each 
system as a function of sequence were submitted to a two tailed nonparametric Wilcoxon signed 
rank test to determine if any differences in the sound levels measured for each of the MRI 
systems were statistically significant.  
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2.4.2.2 Acoustic noise evaluation of clinical NICU MRI protocols 
 Upon the completion of the acoustic noise evaluation of the NICU MRI system, a pilot 
study to evaluate the safety and image quality in human neonates was conducted.  15 medically 
and thermally stable pre-term infants (post menstrual age (PMA) at scan: (30 week + 2 day – 
46week + 3day; weight at scan: 1.6 – 3.36 kg) were evaluated.  In accordance with the 
Institutional Review Board, written informed consent was obtained from at least one of the 
parents of each of the infant participants prior to imaging.  The MRI exams were performed 
without sedation using a “feed and sleep” a.k.a. “feed and swaddle” approach (84, 109).  With 
the exception of one infant who was NPO for medical reasons, the infants were fed 
approximately one hour before the exam.  The infants were then swaddled with blankets, hearing 
protection was applied (ear plugs (E.A.R Classic™, 3M St. Paul, MN)  and ear muffs 
(MiniMuffs™, Natus Medical Inc. USA)) and the MR room lights were lowered.  ECG, pulse 
oximetery, respiration, and skin temperature were monitored continuously throughout the exam 
using MRI compatible monitoring equipment (Invivo, Orlando, FL).  MRI images of the brain, 
chest and abdomen were obtained with protocols identical to those currently used on the 
conventional large-bore MRI scanners.  The average A-weighted SPL for each of the clinical 
MR protocols (Table 2.4-2) was obtained for the NICU scanner in an empty bore using the same 
sound level meter and sensor placement used to perform the initial acoustic noise evaluation of 
the system.  As was done for the MR system sound level comparison, one sound measurement 
was made for each of the clinical sequence protocols evaluated. 
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Sequence TR (ms) TE (ms) FA (deg)
FOV 
(mm) Matrix
Slice Thickness 
(mm) # Slices
RBW 
(±kHz) Other
Brain
T1 FLAIR - 
Sag
2200 27 180/90/180 160 256x320 3 18 31.25 TI=750ms
PD/T2 FSE- 
Ax
4000 10/121 90/180 160 256x256 3 27x2 20.83 ETL = 12
T2*W MPGR-
Ax
600 30 20 160 256x256 4 1 15.6
T1W IR 
prepared 3D 
SPGR- Sag
6.5 3.1 14 160 256x256 1.2 192 15.6 TI = 650ms
DTI - Ax 10000 99 90/180 180 128X128 3 32 250
15 
directions, 
b=800s/mm
2; ETL= 128
BOLD EPI- Ax 2000 35 90 180 64x64 3 32 250 ETL=64
Abdomen/Chest
3D T1 LAVA  -
Sag
5.5 2.32 12 180 160x288 3.4 68 62.5
FIESTA-Ax & 
Cor
4.2 1.3 70 180 224x256 4 28 62.5
SSFSE – Cor & 
Ax
1160 103 90/180 180 192x256 4 21 62.5
ETL=96;      
0.5 NEX 
FIESTA Cine- 
Cardiac- Obl
3.6 1.3 45 250 192x192 5 1 62.6 20 phases
Ax = axial, Cor = coronal, Sag = Sagittal, Obl = Oblique, PDW = Proton Density Weighted, T1W = T1 Weighted, 
T2W = T2 Weighted, T2*W = T2* Weighted, IR = Inversion Recovery, FSE = Fast Spin Echo,  FLAIR = Fluid 
Attenuated FSE  IR, SSFSE = Single Shot FSE, SPGR = Spoiled Gradient Recalled Echo, MPGR = Multi Planar 
Gradient Recalled Echo, DTI = Diffusion Tensor Imaging, BOLD = Blood Oxygenation Level Dependent, EPI = Echo 
Planar Imaging, FIESTA =  Fast Imaging Employing STeady-state Acquisition, LAVA= Liver Acquisition Volume 
Acceleration, FS = Fat Sat, NEX = Number of Excitations, ETL= echo train length, TI = Inversion Time, FA = Flip 
Angle, FOV = Field of View, RBW = Receiver Bandwidth.
 
 
 
 
 
  
Table 2.4-2 Clinical MR protocols used for acoustic noise evaluation of the NICU MR system. 
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2.4.3 Results 
 
2.4.3.1 Acoustic noise evaluation of the NICU and adult sized MR systems 
 The SPL values measured for the NICU MRI during each of the six MR acquisitions 
were consistently lower than that of the conventional adult sized MR scanner (Table 2.4-3).  The 
differences in SPL measured for the two systems reported in both unweighted dB and A-
weighted dB were statistically significant (dB: p=0.03; dBA: p=0.03, two tailed nonparametric 
Wilcoxon signed rank test).  On average, the small NICU scanner was approximately 14.2 dB 
(range 10 – 21 dB) and 11 dBA (range = 5 – 18 dBA) quieter.  For the NICU MRI system, the 
highest SPL value was measured for the SSFP sequence (76 dB and 91 dBA).  Alternatively, for 
the adult-sized scanner, the highest SPL value was measured to be 93 dB and 103 dBA for the 
DWI sequence.  The harmonic measurements performed for each of the MR sequence/system 
combinations evaluated are presented in Figure 2.4-2.  The measured SPL as a function of 
frequency showed a similar harmonic structure above 200 Hz between the two MR systems for 
all sequences.  However the amplitude was consistently lower for the NICU MRI system. 
Notably, the HDxt system was substantially louder (as much as 30 dB) at frequencies below 200 
Hz. 
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System/sequencea SE GRE bSSFP EPI SPGR DWI Average
(a) Average sound pressure level (dB)
     NICU MRI 75 71 76 73 74 72 73.8
     Conventional MRI 86 86 86 86 84 93 88
(b) Average sound pressure level (dBA)
     NICU MRI 86 83 91 86 86 85 86.9
     Conventional MRI 97 96 96 98 95 103 98.4
bSSFP balanced steady state free precession, DWI diffusion-weighted imaging, EPI echo planar imaging, GRE 
gradient recalled echo, SE spin echo, SPGR spoiled gradient echo                                                                                      
aAcquisition parameters consistent with clinical protocols (Table 2.4-1)
 
 
 
 
2.4.3.2 NICU MR Clinical Protocol Evaluation 
 The average A-weighted dB SPL values of each of the clinical imaging protocols 
measured at the isocenter of the empty bore of the NICU MR system are reported in Table 2.4-4. 
Ideally, passive hearing protection used for infants should be selected to provide the maximum 
amount of noise attenuation (e.g. up to approximately 29 dBA for the products currently 
available).  Assuming that hearing protection provides a noise reduction factor of approximately 
29 dBA, the noise levels experienced by the infants during a clinical MRI exam in the NICU 
MRI system fall near or below the target maximum noise level of 65 dBA.  These findings are 
consistent with the observation that all 15 infants evaluated in the pilot study were able to 
complete the MR exam without sedation and with minimal motion artifact. Image quality in all 
cases was equivalent to if not better than that obtained on an adult sized 1.5T MR scanner (79).  
Nevertheless, some babies did exhibit a startle reflex upon the initiation of scans, indicating that 
these infants were still able to hear scanner noise.  
 
 
 
Table 2.4-3 The average sound pressure level in units of (a) unweighted decibels (dB) and (b) 
A-weighted decibels (dBA) recorded for each of the MR acquisition/MR system combinations 
evaluated. 
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Sequencea
NICU MRI system      
(without hearing protection)
Brain dBA
T1 FLAIR - Sag 92
PD/T2 FSE - Ax 88
T2*W MPGR- Ax 85
T1W IR prepared 3D SPGR- Sag 86
DTI - Ax 86
BOLD EPI - Ax 87
Abdomen/Chest dBA
T1 LAVA- Sag 94
FIESTA – Ax & Cor 94
Single Shot FSE– Cor  & Ax 86
Cardiac FIESTA Cine - Obl 92
FLAIR = Fluid Attenuated Inversion Recovery, PD = Proton Density, FSE =
Fast Spin Echo, T2*W = T2* Weighted, DTI = Diffusion Tensor Imaging,
BOLD = Blood Oxygen Level Dependent, EPI = Echo Planar Imaging, LAVA =
Liver Acquisition with Volume Acceleration, FIESTA = Fast Imaging Employing 
STeady State Acquisition, Ax = axial, Cor = coronal, Sag = Sagittal, Obl =
Oblique.                                                                                                                              
a Acquisition parameters consistent with clinical protocols.
 
  
 
 
 
 
 
 
 
 
 
 
 
2.4.4 Discussion 
 In this study, the acoustic noise properties of the new NICU MRI scanner were 
investigated as part of the initial safety evaluation of the system.  A similar assessment was 
performed for a conventional whole body adult sized MRI system using identical imaging 
protocols.  In addition, due to the heightened concern for the exposure of preterm and term 
infants to excessive noise levels, the A weighted SPL for each of the imaging protocols currently 
being used for cranial, chest and abdomen clinical neonatal MR exams in the NICU were 
evaluated in the NICU MR system.  The results of these evaluations were interpreted within the 
context of the targeted acoustic noise level of 65 dBA with hearing protection (ear plugs and soft 
shelled earmuffs) for the NICU MRI protocols.  
Table 2.4-4 The average sound pressure level in units of A-weighted decibels (dBA) recorded for 
each of the clinical NICU MR protocols without hearing protection. 
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 It is known that sensory stimulation such as acoustic noise can elicit autonomic instability 
in both term and preterm neonates. The noise levels of standard 1.5T MR exams range from 81-
117 dB on average, but can be as high as 131 dB for EPI techniques (114, 115).  Even with 
hearing protection, these levels are well in excess of the recommended guidelines for maximum 
sound levels within the NICU environment (121).  Largely as a consequence of the smaller 
spatial dimensions, the NICU scanner is on average 11 dBA quieter than an adult sized 1.5 T 
scanner for identical imaging sequences and acquisition parameters. In addition, the transmission 
of MR related noise through bone conduction is minimized in the NICU MRI system by placing 
a large amount of soft padding around the infants head and by cantilevering the patient table 
within the magnet bore to avoid direct physical contact with the noise-producing gradient coils. 
Hence, although not strictly additive, the noise attenuation provided by the combined use of ear 
plugs and soft shelled earmuffs is estimated to reduce the sound level by approximately 29 dBA. 
 The present study found that the NICU MRI system created less acoustic noise than 
conventional adult sized MRI scanners. The NICU scanner was on average 14.2 dB and 11 dBA 
quieter than the conventional MRI system.  The lower noise level is due in large part to the fact 
that the NICU gradient coil is considerably smaller than its adult-sized counterpart.  The lower 
acoustic noise level of the NICU system has implications not only for improved safety for the 
NICU patients but also further facilitates siting of the unit in the NICU which has its own set of 
acoustic noise guidelines for constant background as well as transient noise levels (121).  Of 
particular relevance is the recommendation that in order to provide for uninterrupted sleep and 
sleep cycles (critical for early development of the sensory systems (117) and the development of 
the tonotopic columns in the auditory cortex and tuning of  the hair cells of the cochlea (118)) 
and to protect physiologic stability in premature and critically ill infants, the combination of 
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continuous background sound and operational sound in the infant rooms should not exceed an 
Leq of 45 dBA (125).  This low ambient sound level also promotes the NICU patients ability to 
discriminate voice, language, music and other meaningful environmental sounds from 
background noise.  The harmonic behavior of the two MR systems evaluated were similar above 
200 Hz, however the NICU scanner was quieter across all frequencies evaluated. The fact that 
the rank ordering of the quietest to loudest sequence measured for the NICU and adult sized MRI 
systems differed (Table 2.4-3) reflects the different acoustic response functions (Figure 2.4-2) of 
the two scanners as well as the acoustic properties of the scan rooms themselves (125-127).   
 Although the acoustic noise evaluation was performed for the adult sized GE 1.5 T MR 
60 cm bore system, the results for comparable operating conditions (bore size, sequence type and 
acquisition parameters) should be similar for comparable (60 cm bore size, 1.5 T) adult sized 1.5 
T systems manufactured by the other vendors as the sounds levels (for identical sequence types 
and acquisition parameters) are largely determined by the dimensions of the gradient coils.  In 
general, the acoustic noise levels of MRI systems increase with field strength (126), but the 
details in scanner construction make it difficult to extrapolate the current 1.5 T results to a higher 
field strength such as 3T.   
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Figure 2.4-2 Harmonic behavior of the NICU and adult-size conventional MRI scanners 
measured for each of the standard MRI sequences tested: (a) spin echo (SE), (b) gradient 
recalled echo (GRE), (c) balanced steady state free precession (bSSFP), (d) echo planar 
imaging (EPI), (e) spoiled gradient echo (SPGR) and (f) diffusion-weighted imaging (DWI). 
NICU neonatal intensive care unit. 
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 The average SPL difference between the adult-sized and NICU scanners was observed to 
be 14.2 dB and 11.5 dBA.  Since A-weighting is greatest for frequencies less than 1kHz, the 
discrepancies between dB and dBA measurements are dominated by lower frequency 
components (128).  Assuming that an infant’s hearing sensitivity is comparable to that of an 
adult for the low frequencies, A-weighted dB measurements are more physiologically relevant 
than unweighted measurements.  Furthermore, NICU guidelines for noise exposure are given in 
dBA and thus dBA measurements provide a more realistic measure of acoustic performance than 
unweighted SPL. 
  In utero the fetus is protected from frequencies above 2 kHz (128).  Hence, after birth the 
preterm infant is already exposed to frequencies atypical for his/her level of neurologic 
development.  Consequently, it is prudent that exposure to background noise in the frequencies 
above 2 kHz be restricted as much as possible.  In addition, since the 500 Hz-2 kHz frequency 
range is critical for discrimination of speech (129, 130), excessive exposure to high sound levels 
should be minimized.  Furthermore, frequencies 500 Hz and below (particularly < 200 Hz), 
although often inaudible, are extremely effective at producing vibrotactile stimulation (120, 131). 
It has been reported that prolonged exposure to vibrotactile stimulation can cause physiologic 
stress in adults (120, 131) and therefore should also be mitigated when possible for the neonatal 
population.  Notably, the NICU MRI scanner was found to be as much as 30 dB quieter for 
frequencies of 200 Hz and below (Figure 2.4-2).  
 The images (79) and associated SPL measurements demonstrate that the NICU MRI is 
capable of performing high quality diagnostic MRI exams at acoustic noise levels near or below 
the target value of 65 dBA when appropriate hearing protection is applied. Although not 
measured explicitly, the comparable SPL values for the same set of imaging protocols executed 
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on the adult-size whole body MRI unit is on average 11 dBA higher, and would expose a neonate 
to sound levels well above the target noise level of 65 dBA even when hearing protection is used. 
The lower noise levels reduce the probability of physiologic stress thereby reducing the medical 
risk of the MRI exam to the neonate.  In addition, the lower noise levels of the NICU MR system 
are less disruptive to sleep.  This is not only potentially important developmentally for all of the 
NICU patients, but also increases the probability that the MRI exam can be completed without 
sedation.  This is particularly beneficial in light of the growing evidence that sedation in the 
neonatal population poses significant risk, including neuronal apoptosis, apnea, and bradycardia 
(103-108).  Although the NICU MR scanner is substantially quieter than the conventional MR 
systems used for neonatal imaging today, measures to further reduce the acoustic noise for the 
NICU system are being explored, including the development of alternative hearing protection 
strategies and quieter pulse sequences.  The NICU MRI system is currently being used for 
routine diagnostic exams as well as for clinical research. 
 In conclusion, the results of the acoustic noise evaluation together with the clinical image 
data collected to date have demonstrated that with appropriate hearing protection, state of the art 
high quality MRI exams can be performed on the NICU MRI unit without exposing infants to 
acoustic noise above an SPL of 65 dBA.  The NICU MRI unit was found to be on average 14.2 
dB and 11 dBA quieter than a conventional scanner and approximately 30 dB quieter in the 
vibrotactile band below 200 Hz.  This lower acoustic noise not only reduces the risk of noise-
induced autonomic instability, but it also increases the probability that the MRI exam can be 
performed without sedation.  Lastly, the lower acoustic noise levels of the NICU MRI system 
further facilitates siting of the unit in the NICU, which is governed by its own set of 
recommended acoustic noise guidelines (121). 
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2.5.1 Introduction 
 MRI is a powerful diagnostic tool in medicine, but it has not yet achieved widespread 
acceptance for neonates because of the logistics of the examination.  In most institutions, infants 
requiring MRI are removed from the neonatal ICU (NICU), transported to the radiology 
department, and imaged in a conventional adult-sized scanner.  For the sickest and most 
premature infants, this approach requires an MR-compatible incubator (46, 50, 55, 59, 73, 80-90) 
and the coordinated effort of NICU staff and radiology staff.  
 In the early 1990s, Hammersmith Hospital installed a custom 1-T scanner in the NICU. 
However, the system had a limited FOV and the fringe field reached 2 T.  This 1-T scanner was 
recently replaced with a conventional adult-sized 3-T system (55, 86).  A group in Sheffield, 
England, has a small custom-built low-field (0.17-T) MR system in the NICU (87).  Both of 
these NICU MR units have drawbacks, however.  The conventional 3-T system is expensive and 
challenging to site in the NICU.  In addition, the long bore of an adult-sized scanner limits visual 
and rapid physical access to the neonate during the examination.  The 3-T systems are also loud 
and pose greater safety risks associated with ferromagnetic attraction and tissue heating due to a 
higher specific absorption rate (83).  In addition, the low signal-to-noise ratio (SNR) of the 0.17-
T system precludes the use of state-of-the-art MRI techniques (e.g., diffusion-tensor imaging and 
MR spectroscopy) in neonatal MR examinations. 
 At our institution, we have eliminated the logistical challenge of moving NICU patients 
to the radiology department by installing a small 1.5-T MR scanner in our NICU.  The system is 
based on a commercially available musculoskeletal MRI system and includes custom-built 
components.  A second prototype system is installed in our research center and is being used for 
preclinical research studies (77).  To qualify these systems for human use, a pilot study was 
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conducted to assess safety and show image quality in 15 medically stable neonates. The results 
of this pilot study are documented in this article. 
 
2.5.2 Materials and Methods 
 
2.5.2.1 Neonatal MRI system 
 We adapted a small 1.5T orthopedic MR system for neonatal imaging (77).  The system 
was originally developed and marketed as the MSK Extreme 1.5 T by ONI Medical Systems, but 
it is now marketed as the Optima™ MR430s (GE Healthcare).  Modifications made to the 
scanner include raising and leveling the magnet and the creation of a custom-built MR patient 
table (Figure 2.5-1).  The magnet is superconducting and has a bore diameter of 21.8 cm without 
a RF coil.  The system has roughly twice the gradient strength (70 mT/m) and slew rate (300 
T/m/s) of conventional adult whole body scanners.  The NICU MRI system’s gradient coil is 
approximately 2.5 times shorter than that of a conventional adult-sized system. Consequently, 
the potential for peripheral nerve stimulation is less, even with higher gradient capabilities.  In 
addition, the acoustic noise associated with the smaller coil is less than that of an adult-sized 1.5-
T system.  For identical imaging protocols, the NICU MRI system was measured to be, on 
average, 11 A-weighted decibels (dBA) quieter than a conventional 1.5-T system (77).  Other 
features of the neonatal scanner include a tighter 5-G line, low magnet weight, and lower 
cryogen requirements (Table 2.5-1).  These features, together with the small size and inherently 
lower noise characteristics, facilitate installation in the NICU. 
 Unlike most adult-sized scanners, the Optima™ system does not have a fixed RF body 
coil.  Single-channel transmit-receive volume coils with different inner diameters are delivered 
with the system.  Of these coils, the 18-, 16-, and 14.5-cm coils are most appropriate for neonatal 
imaging.  Consequently, three patient cradles (18, 16, and 14.5 cm) were constructed for use with 
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the patient table (Figure 2.5-1).  This set of cradles can accommodate infants with shoulder 
dimensions as large as 18 cm (corresponding to infants weighing up to 5 kg).  An analysis of 
shoulder width and patient weight at discharge from our NICU shows that approximately 93% of 
NICU patients are small enough to be imaged with the NICU MR system (Figure 2.5-2).  
 
 
 
 
 
 
 
Figure 2.5-1 Neonatal ICU (NICU) MRI system. Magnet, equipment, and MRI operator 
control rooms are in suite immediately off main corridor of NICU. Magnet room 
radiofrequency shielding and air temperature and humidity requirements for neonatal scanner 
are identical to those for adult-sized MR systems. A, Photograph shows NICU MRI system. 
B, Photograph shows swaddled patient in cradle. C, Photograph shows patient in magnet and 
monitoring equipment. 
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System Characteristics 
Conventional MRI 
System NICU MRI System 
MR unit 1.5-T HDxa 1.5-T Optima MR430sa 
Fringe field (5-G line)     
    Axial X radial (m) 4.0 X 2.5 1.85 X 1.125 
Patient bore diameter (cm)     
     Inner diameter 60b 21.8c 
Bore length (cm) 160 51.8 
Magnet weight, lb (kg) 12,170 (5532)d < 900 (408) 
Compressor weight, lb (kg)   203 (92) 
Nominal liquid helium capacity (L) 2000 49 
Helium refills Approximately every 4 y Typically not required 
Gradient strength (mT/m) 30 70 
Slew rate (T/m/s) 120 300 
Radiofrequency TX and RX     
     Frequency (MHz) 63.8 63.8 
     Power Body, 16 kW; head, 2 kW Peak RMS, 2 kW; average, 75 W 
Acoustic noisee (dBA)     
     Mean ± SD 97.5 ± 2.9 86.2 ± 2.6 
     Highest value (MR sequence) 103 (DWI) 91 (balanced SSFP) 
Note-TX = transmit, RX = receive, RMS = root-mean-square, dBA = A-weighted decibels, DWI = 
diffusion-weighted imaging, SSFP, SSFP = steady-state free precession. 
aGE Healthcare 
bWith body radiofrequency coil. 
cWithout body radiofrequency coil. 
dWith cryogens and gradient coil. 
eAcoustic noise measurements reported here were not made as part of this study but were obtained  
 from (78)… 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.5-1 Comparison of specifications for conventional and neonatal ICU (NICU) MRI systems. 
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 The Optima™ scanner is designed for orthopedic imaging and lacks ECG and respiratory 
triggering.  Many essential imaging techniques such as balanced steady-state free precession 
imaging, echo-planar imaging (EPI), time-of-flight MR angiography, phase-contrast MR 
angiography, fast breath-hold imaging, and cine imaging are also not available.  To address these 
deficiencies, the imaging electronics, user interface software, and radiofrequency chain of a 
conventional high-performance MR scanner (Signa HDx, GE Healthcare) were integrated with 
the Optima™ magnet and gradient hardware.  This enhanced imaging system supports a full 
spectrum of advanced imaging capabilities on the small footprint 1.5-T magnet.  Both the 
standard Optima™ and integrated HDx/Optima™ imaging platforms can be used for neonatal 
Figure 2.5-2 Histogram of last recorded weights of neonatal ICU patients at Cincinnati Children’s 
Hospital Medical Center for calendar years 2007-2009.  Analysis of shoulder width versus weight for 
this population shows that approximately 93% and 97% of infants would fit within 18 and 20 cm 
diameter bore, respectively. 
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scanning, and transitioning between the two platforms requires the exchange of only five cables 
(two radiofrequency and three gradient), which is easily accomplished in 30–60 seconds.  The 
changeover can be accomplished with the patient in the magnet and does not require movement 
of the infant because the standard Optima™ radiofrequency coils are used for both platforms.  
More recently, a switch box has been installed so that the changeover is now accomplished by a 
simple button push.  A technical comparison of image quality between the conventional adult-
sized and NICU 1.5-T MRI scanners showed no reduction in SNR, resolution, or contrast (See 
Figure 2.5-2 of reference (77)). 
 
2.5.2.2 Neonatal MRI Pilot Study Procedures 
 
2.5.2.2.1 Neonatal Subjects 
 Fifteen neonates (postmenstrual age at scanning, 31 weeks 4 days–46 weeks 3 days; 
weight at scanning, 1.6–3.36 kg) were recruited into a pilot study to evaluate the safety and 
image quality of the NICU MRI.  All of the neonates were medically and thermally stable and 
were not recruited on the basis of a suspected or known clinical need. In accordance with our 
institutional review board (IRB), written informed consent was obtained from one parent of each 
subject before imaging.  The MRI examinations were performed without sedation using the 
“feed-and-swaddle” method (84, 109).  With the exception of one infant who was not receiving 
anything by mouth for medical reasons, the infants were fed approximately 1 hour before the 
examination.  For fussy infants, a 24% sucrose solution (Sweet-Ease Natural, Philips Healthcare) 
was administered immediately before and, if needed, during the imaging session.  Three infants 
required oxygen during imaging: The first received 100% by nasal cannula; the second, 40–50% 
by nasal cannula; and the third, blow-by oxygen. Two infants received IV fluids via an MR-
compatible syringe pump mounted on the patient table. 
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2.5.2.2.2 MRI Procedure 
a) Patient Handling and Transport 
 A neonatologist performed a physical examination of each subject immediately before 
and after MRI.  After the preliminary examination, MR-compatible monitoring leads 
(Expression, Invivo Corporation) were attached to the infant.  Earplugs and MiniMuffs (Natus 
Medical Incorporated) were applied at the bedside for hearing protection, and the infant and 
bedding were visually inspected to ensure that no ferromagnetic objects were present before 
transport to the MRI suite. In the MRI control room, the neonate was transferred to the MR 
patient cradle and secured with two nylon belts. Additional padding was placed around the head 
to minimize movement (Figure 2.5-1).  A final MR safety check (visual inspection and 
ferromagnetic detection wand [Safescan Target Scanner, Mednovus]) was performed before 
moving the infant into the MR scanning room.  Once in the scanning room, the patient table was 
attached to the docking assembly and a landmark was established.  The room lights were kept 
low to promote sleep.  Once the infant was in the scanner, the infant’s ECG, heart rate, oxygen 
saturation, and temperature were continuously monitored by a neonatologist, and the values for 
heart rate and oxygen saturation were recorded at 15-minute intervals.  Axillary temperature at 
the start and end of the examination was also noted.  The time required for patient preparation 
and transport to the scanner and the total bedside-to-bedside examination time were recorded.  
Details regarding neonatal demographics including body weight, medical history, and MR 
examination details are provided in Table 2.5-2.   
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b) MRI Protocols 
 MR examinations of the brain, abdomen, and chest were performed with the 
HDx/Optima™ or the Optima™ system using our institution’s standard imaging protocols.  For 
two of the abdominal examinations performed on the HDx/Optima™ platform, respiratory gating 
with neonatal bellows was used.  ECG triggering was accomplished on the HDx/Optima™ 
system using the cardiac tracing provided by the MR-compatible monitoring system.  In 
Neonate 
No. GA at Birth
PMA at 
MRI
Weight at 
MRI (kg) Sex Medical History
Patient 
Cradle Size 
(mm)
RF Coil 
Size 
(mm)
MRI Examination 
(MRI Platforma)
1 36 wk 0 d 38 wk 0 d 1.9 F IUGR, RDS 145 160 Brain (HDOP)
2 32 wk 1 d 39 wk 1 d 2.7 F RDS, pulmonary hemorrhage, grade I IVH 160 Brain and chest 
(HDOP)
3 30 wk 5 d 33 wk 3 d 1.9 M RDS, grade I IVH 145 180 Brain (HDOP), 
brain (OP)
4 24 wk 0 d 35 wk 5 d 2.7 M RDS, grade III and IV IVH, posthemorrhagic 
hydrocephalus, chronic lung disease
145 160 Brain and chest 
(HDOP)
5 37 wk 4 d 39 wk 2 d 2.9 M Malrotation and volvulus 145 180 Brain and 
abdomen (HDOP)
6 34 wk 4 d 35 wk 5 d 2.5 M Trisomy 21 160 180 Brain (HDOP), 
brain (OP)
7 27 wk 6 d 39 wk 6 d 3.7 M RDS, intraabdominal hemorrhage, PDA, chronic 
lung disease, medical NEC, cerebellar hemorrhage
180 180 Brain, chest, 
abdomen (HDOP)
8 27 wk 4 d 31 wk 4 d 1.6 M RDS, bilateral grade I IVH 145 160 Brain (HDOP)
9 39 wk 0 d 40 wk 3 d 3.1 M RDS 160 180 Brain and chest 
(HDOP)
10 36 wk 5 d 39 wk 5 d 3.1 M RDS, pneumothorax, pulmonary hypertension, 
direct hyperbillirubinemia
160 180 Brain, chest, 
abdomen (HDOP)
11 27 wk 3 d 42 wk 3 d 2.1 F RDS, medical NEC, grade I IVH 145 160 Brain and 
abdomen 
(HDOP), brain 
(OP)
12 37 wk 4 d 39 wk 0 d 2.9 M RDS, mild protein allergy 160 180 Brain, chest, 
cardiac (HDOP)
13 34 wk 3 d 46 wk 3 d 3.3 F Gastroschisis with bowel atresia, medical NEC, 
Clostridium sepsis, human metapneumonovirus
160 180 Brain and 
abdomen (HDOP)
14 38 wk 5 d 41 wk 0 d 2.6 M IUGR, hypoglycemia, thrombocytopenia 160 180 Brain (HDOP), 
brain and 
abdomen (OP)
15 37 wk 0 d 38 wk 6 d 2.9 F Gastroschisis 160 180 Brain and 
abdomen (HDOP)
Note—GA = gestational age, PMA = postmenstrual age, RF = radiofrequency, IUGR = intrauterine growth retardation, RDS = respiratory 
distress syndrome, IVH = intraventricular hemorrhage, PDA = patent ductus arteriosus, NEC = necrotizing enterocolitis.                              
aHDOP = integrated MR system composed of Optima MR430s (GE Healthcare) magnet and gradient hardware and the imaging electronics, 
user interface software, and radiofrequency chain of Signa HDx (GE Healthcare) scanner; OP = Optima MR430s.
Table 2.5-2 Patient information and MRI examinations performed. 
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addition, brain and non– respiratory-gated abdominal examinations were performed on the 
standard Optima™ imaging platform in several subjects.  
 
c) Image Evaluation 
 The images obtained of the brain, chest, and abdomen were reviewed by board certified 
pediatric radiologists with additional expertise in neuroradiology and body MRI, respectively.  
The cardiac images were evaluated by a pediatric cardiologist experienced in cardiac MRI. In all 
cases, the evaluation was subjective.  Each dataset was assessed for overall study quality 
(limited, adequate, or good), motion (none, moderate, or significant), spatial resolution (poor, 
moderate, or excellent), SNR (poor, moderate, or excellent), and contrast (poor, moderate, or 
excellent) as compared with similar neonatal examinations performed on conventional MR 
scanners in our institution. Significant imaging findings requiring further evaluation were 
communicated to the infant’s medical team. 
 
2.5.3 Results 
 
2.5.3.1 Neonatal Participants 
 All 15 infants participated in a single imaging session without sedation.  None of the 
imaging sessions was ended prematurely, and no adverse events related to the MRI examination 
were noted.  Seven of the 15 subjects had significant motion during imaging, necessitating 
temporary suspension of the scanning process to calm the infant by reswaddling, administering 
24% sucrose solution, or both. The MR examination was then resumed and successfully 
completed after each intervention. 
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2.5.3.2 MRI Procedure 
 The patient cradle–radiofrequency coil combinations used to perform the examinations 
were dictated by patient size (Table 2.5-2).  The average time from arrival in the MRI control 
room to the initiation of scanning was 14 minutes 6 seconds ± 6 minutes 18 seconds (SD) (range, 
5–26 minutes).  Fifteen brain examinations and six abdominal examinations were performed 
using the HDx/ Optima™ platform and four brain examinations and one abdominal examination 
were performed using the Optima™ platform (Table 2.5-2).  In addition, one or two MRI 
datasets of the chest were obtained in six of the infants, and ECG-gated cardiac scans were 
obtained of two subjects using the HDx/Optima™ platform (Table 2.5-2).  A summary of the 
primary imaging sequences and acquisition parameters used for the brain and abdomen for the 
HDx/Optima™ and Optima™ imaging platforms are provided in Tables 2.5-3 through 2.5-5.  
The total imaging time (limited to 60 minutes by the IRB protocol) for each imaging session was 
59 ± 1.13 minutes (mean ± SD) (range, 58–60 minutes) during which the HDx/Optima™ or 
Optima™ platform or both platforms were used.  The average time between infant arrival and 
departure from the MRI control room was 78 minutes 30 seconds ± 8 minutes 40 seconds (range, 
70–96 minutes).  
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2.5.3.3 MRI Results 
The results of the radiologic evaluation of the MRI studies obtained on both the HDx/ Optima™ 
and Optima™ MRI platforms are documented in Table 2.5-6. Subject motion proved to be the 
most influential factor in determining overall study and image quality. In cases in which infant 
motion was negligible, high quality images were obtained. Representative images are provided. 
 
 
 
 
 
 
MRI Sequences
Parameters Sagittal T1W FLAIR Axial PDW FSE Axial T2W FSE Axial T2*W MPGR Coronal T1W SE
MR Examination Brain Brain Brain Brain Abdomen
TR (ms) 2200 3000 4000 600 400
TE (ms) 27 6.9 120 30 11.9
Inversion time (ms) 750
Echo-train length 4 4 12 1 1
Flip Angle (°) 180, 90, 180 90, 180 90, 180 20 90, 180
FOV (cm) 16-18 16 16 16 16
Matrix (phase X frequency) 256 X 320 192 X 256 192 X 256 192 X 256 256 X 256
Slice thickness (mm) 3 3 3 4 4
Slice gap (mm) 1 1 1 1 1
No. of slices 17 25 25 16 16
No. of excitations 2 2 3 2 1
Receiver bandwidthb (kHz) 65 65 65 32 50
Scanning time (min:s) 3:36 4:54 3:16 3:53 3:35
No. of neonates evaluated 2 1 2 1 1
Note—T1W = T1-weighted, PDW = proton density–weighted, FSE = fast spin-echo, T2W = T2-weighted, T2*W = T2*-weighted, MPGR = 
multiplanar gradient-echo, SE =
spin-echo.
aOptima MR430s (GE Healthcare).
bFull bandwidth.
Table 2.5-5 Neonatal ICU MRI protocols for imaging the brain and abdomen on the 
conventional NICU MRI platforma. 
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2.5.3.3.1 HDxt/OPTIMA™ Platform -- Brain 
 Fifteen MR examinations of the brain were performed on the HDx/Optima™ platform 
(Table 2.5-2) using the imaging protocols documented in Table 2.5-3.  For five of the preterm 
infants (subjects 1, 5, 8, 9, and 13), MRI showed no brain abnormalities, which is consistent with 
earlier ultrasound and clinical findings (Figures 2.5-3 and 2.5-4).  The remaining brain MRI 
examinations showed intracranial abnormalities such as cerebellar hemorrhage and white matter 
injury (Figures 2.5-5 and Figure 2.5-6), most of which had been identified on prior head 
ultrasound studies.  For the infants who did not respond well to the feed-and-swaddle method, 
fast imaging techniques, such as fast imaging employing steady-state acquisition (FIESTA) and 
single-shot fast spin-echo (SSFSE), were used.  These approaches proved successful in providing 
important diagnostic information (Figure 2.5-6C and 2.5-6D) even in the presence of significant 
intermittent motion. 
MRI Platform and 
Body Part No. of Examinations
Overall Study 
Qualitya Motionb
Spatial 
Resolutionc
Signal-to-Noise 
Ratioc Contrastc
HDOP
     Brain 15 1.8 (0.5) 0.6 (0.5) 1.7 (0.4) 1.7 (0.4) 1.8 (0.4)
     Abdomen 6 0.6 (0.5) 1.5 (0.5) 0.8 (0.4) 0.8 (0.4) 0.8 (0.4)
     Chest 6 1 (0.9) 1.4 (0.5) 0.8 (0.5) 0.8 (0.4) 0.8 (0.4)
     Cardiac 2 2 (0) 0 (0) 1.5 (0.5) 2 (0) 2 (0)
Optima MR430sd
     Brain 4 2 (0) 0.25 (0.25) 1.75 (0.25) 2 (0) 2 (0)
     Abdomen 1 0.6 1.5 0.8 0.8 0.8
Note—The brain, abdomen, and chest examinations were rated by one of two board-certified pediatric 
radiologists, and the cardiac examinations were rated by a
pediatric cardiologist experienced in performing and evaluating cardiac MR examinations. HDOP = Integrated MR 
system composed of Optima MR430s (GE Healthcare)
magnet and gradient hardware and the imaging electronics, user interface software, and radiofrequency chain of 
Signa HDx (GE Healthcare) scanner.
aScale: 0 = limited, 1 = adequate, 2 = good.
bScale: 0 = none, 1 = moderate, 2 = significant.
cScale: 0 = poor, 1 = moderate, 2 = excellent.
dGE Healthcare.
Mean Score (SD)
Table 2.5-6 Results of the subjective image evaluation of the neonatal ICU MRI 
examinations by imaging platform and body part. 
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Figure 2.5-3 Brain MR Images obtained in 
Neonatal ICU using integrated MR system 
composed of Optima™ MR430s (GE 
Healthcare) magnet and gradient hardware 
and imaging electronics, user interface 
software, and radiofrequency chain of Signa 
HDx (GE Healthcare) scanner.  Complete 
MRI and clinical information for 
examinations are provided in table 2.5-2.  
Image acquisition parameters are reported in 
table 2.5-3; 5-cm spatial scale is displayed 
for reference. 
A, Sagittal T1-weighted FLAIR images of 
preterm female infant (neonate 1 in Table 2) 
born at 36 weeks’ gestational age (GA) with 
intrauterine growth retardation.  Images are 
obtained at 38 weeks postmenstrual age 
(PMA); weight at scanning was 1.9 kg. 
B, Axial proton density-weighted images 
(top) and T2-weighted fast spin-echo 
(bottom) images acquired of preterm male 
infant (neonate 3 in table 2.5-2) born at GA 
of 30 weeks 5 days with respiratory distress 
syndrome.  MRI was performed at 33 weeks 
3 days PMA.  Weight at scanning was 1.9 
kg.  No abnormalities were noted on MRI. 
Figure 2.5-4 MR images obtained in 
neonatal ICU using MR system composed of 
Optima™ MR430s (GE Healthcare) magnet 
and gradient hardware and imaging 
electronics, user interface software, and 
radiofrequency chain of Signa HDx (GE 
Healthcare) scanner.  Complete MRI and 
clinical information for examinations are 
provided in table 2.5-2.  Image acquisition 
parameters are reported in table 2.5-3.  5-cm 
spatial scale is displayed for reference. 
A-C, Apparent diffusion coefficient (A), 
fractional anistrophy (B), and T2-weighted 
trace (C) images of preterm female infant 
(neonate 1 in table 2.5-2) born at 36 weeks’ 
gestational age with intrauterine growth 
retardation.  Images were generated from 
diffusion-tensor imaging acquisition with b 
value of 1000 s/mm2, and data in 15 
directions.  No abnormalities were noted at 
the time of MRI. 
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Figure 2.5-5 MR images obtained in neonatal ICU using integrated MR system composed of 
Optima™ MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user 
interface software, and radiofrequency chain of Signa HDx (GE Healthcare) scanner. Complete MRI 
and clinical information for examination are provided in Table 2.5-2. Image acquisition parameters 
are reported in Table 2.5-3; 5-cm spatial scale is displayed for reference.  A–C, Axial T2*-weighted 
multiplanar gradient-recalled echo images of preterm male infant (neonate 7 in Table 2.5-2 
[gestational age at birth, 27 weeks 6 days]) with complex medical history including respiratory 
distress syndrome, intraabdominal hemorrhage, patent ductus arteriosus, chronic lung disease, 
medical necrotizing enterocolitis, and cerebellar hemorrhage show large left cerebellar hemorrhage 
(arrow, A) and left grade I intraventricular hemorrhage (arrow, C); both findings had been identified 
by earlier ultrasound. 
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2.5.3.3.2 HDxt/OPTIMA™ Platform -- Abdomen 
 Six MR examinations of the abdomen were performed on the HDx/Optima™ platform 
(Table 2.5-2 and Table 2.5-4).  The bellows used to compensate for respiratory motion proved to 
be insufficiently sensitive and provided only marginal benefit.  As in the brain examinations, 
gross subject motion (vs physiologic respiratory motion and peristalsis) proved to be the most 
influential factor in determining overall study and image quality.  In the cases in which gross 
Figure 2.5-6 MR images obtained in neonatal ICU using integrated MR system composed of 
Optima™ MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user 
interface software, and radiofrequency chain of Signa HDx (GE Healthcare) scanner. Complete 
MRI and clinical information for examinations are provided in Table 2.5-2. Image acquisition 
parameters are reported in Table 2.5-3; 5-cm spatial scale displayed for reference. 
A, Sagittal T1-weighted FLAIR image of male neonate (neonate 10 in Table 2.5-2 [gestational age 
at birth, 36 weeks 5 days]) shows focus of T1 shortening in posterior periventricular white matter 
(arrow).  B, Axial T2-weighted fast spin-echo image of same infant as in A shows corresponding 
T2 hypointensity (arrow).  These findings confirm white matter injury related to prematurity. C, 
Sagittal fast imaging employing steady-state acquisition (FIESTA) image of male neonate 
(neonate 4 in Table 2.5-2 [gestational age at birth, 24 weeks 0 days]) with history of 
intraventricular hemorrhage requiring reservoir placement. Image of midline structures shows 
narrowing of aqueduct of Sylvius (arrow).  D, Coronal single-shot fast spin-echo T2-weighted 
image of same infant as in C shows moderate lateral and third ventriculomegaly. Low signal 
intensity along ventricular walls (arrows) is consistent with hemosiderin staining. 
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infant motion was negligible, high-quality T1- and T2-weighted images were obtained, 
suggesting the clinical potential of this imaging platform for MRI of the neonatal abdomen.  
Conventional spin-echo and 3D liver acquisition volume acceleration (LAVA) imaging 
sequences were used to acquire the T1- weighted data (Figure 2.5-6).  In the cases in which 
respiratory triggering was successfully used, high-quality T2-weighted fast recovery fast spin-
echo images were obtained (Figure 2.5-6).  In the absence of respiratory motion compensation, 
2D SSFSE and FIESTA techniques provided good fast acquisition alternatives for obtaining T2-
weighted contrast. 
 
 
 
Figure 2.5-7 MR images obtained in neonatal ICU using integrated MR system composed of 
Optima™ MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user 
interface software, and radiofrequency chain of Signa HDx (GE Healthcare) scanner. Complete 
MRI and clinical information for examinations are provided in Table 2.5-2. Image acquisition 
parameters are reported in Table 2.5-4; 5-cm spatial scale displayed for reference.  A and B, 
Coronal conventional T1-weighted spin-echo (A) and axial respiratory-triggered T2-weighted fast 
recovery fast spin-echo (B) images of male infant (neonate 10 in Table 2 [gestational age at birth, 
36 weeks 5 days]). 
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2.5.3.3.3 HDxt/OPTIMA™ Platform – Chest and Cardiac: 
 One or two scans (not including the dedicated cardiac examinations) of the chest were 
obtained in six of the infants (Table 2.5-2).  Hence, the sequences tested did not cover the full 
spectrum of those that would be required for clinical diagnosis, and evaluation for this 
application was not possible.  Although the time dedicated to imaging the neonatal chest was 
limited, this initial experience was encouraging, highlighting the potential for this imaging 
platform for this application. 
 Dedicated ECG triggered cardiac studies were performed on two infants (Figure 2.5-7).  
A pediatric cardiologist with experience in MRI evaluated the studies and assessed the images to 
be of good and diagnostic quality (Table 2.5-6).  
  
 
 
 
Figure 2.5-8 Cardiac MR images obtained in neonatal ICU using integrated MR system composed of 
Optima™ MR430s (GE Healthcare) magnet and gradient hardware and imaging electronics, user 
interface software, and radiofrequency chain of Signa HDx (GE Healthcare) scanner. Complete MRI 
and clinical information for examinations are provided in Table 2.5-2; 5-cm spatial scale displayed for 
reference.  A–C, Black-blood ECG-triggered double inversion-recovery T1-weighted (A), ECG-gated 
cine fast imaging employing steady-state acquisition (FIESTA) (B), and phase-contrast (C) images of 
male infant (neonate 12 in Table 2.5-2 [gestational age at birth, 37 weeks 4 days]). 
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2.5.3.3.4 OPTIMA™ Platform -- Brain: 
 Four MR examinations of the brain were performed on the Optima platform (Table 2.5-2) 
using imaging protocols consistent with those implemented on the HDxt/OPTIMA™ scanner 
(Table 2.5-5).  In these examinations patient motion was minimal and the data collected was 
sufficient to evaluate the performance of the imaging platform for neonatal MRI (Table 2.5-6).  
The high rating of overall study and image quality for the data obtained on the Optima reflects 
both the fidelity of MR system performance and the minimal infant motion during these 
particular examinations (Figure 2.5-9). 
 
 
 
 
Figure 2.5-9 MR images obtained in neonatal ICU using Optima™ MR430s (GE Healthcare). 
Complete MRI and clinical information for examination are provided in Table 2.5-2. Image 
acquisition parameters are reported in Table 2.5-5; 5-cm spatial scale displayed for reference. 
A–F, MR images of brain and abdomen of male infant (neonate 14 in Table 2.5-2 [gestational 
age at birth, 38 weeks 5 days]): sagittal T1-weighted FLAIR (A), proton density–weighted (B), 
T1-weighted spinecho (C), T2*-weighted multiplanar gradient-echo (D), T2-weighted fast 
spin-echo (E), T1-weighted conventional spin-echo (F) images. T1-weighted conventional 
spin-echo images of neonatal abdomen (C and F) show high signal intensity in stomach and 
bowel. High signal intensity is thought to be  related to high protein and calcium content in 
formula (Similac NeoSure, Abbott Laboratories) that subject was receiving at time of scanning. 
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2.5.3.3.5 OPTIMA™ Platform -- Abdomen: 
 The abdomen of one infant was evaluated on the Optima platform (Table 2.5-2) using 
imaging protocols consistent with those used to perform similar HDxt/OPTIMA examinations.  
Because of the lack of physiologic gating on this imaging platform, infant motion (both 
physiologic and gross) was identified to be significant to moderate throughout this part of the 
MR examination and strongly impacted the radiologic evaluation of the examination (Table 2.5-
6).  Nevertheless, several good data sets were acquired (Figure 2.5-9) and in the absence of 
significant gross patient motion, diagnostic quality data were obtained with good S/N, tissue 
contrast and spatial resolution.  
 
2.5.4 Discussion 
 We have successfully developed a small-footprint 1.5-T system for imaging neonates. 
Modifications to a commercial 1.5-T system designed specifically for orthopedic imaging 
provide a basic system that can be more easily sited and installed in the NICU than a 
conventional adult-sized system.  The results of our initial pilot study show that this basic 
imaging platform is capable of producing high-quality MR images of neonates (Figure 2.5-9).  
The addition of system electronics from a high-end MR scanner (Signa HDx) provides a small-
footprint 1.5-T MR scanner with all of the capabilities of modern large-bore MR systems, 
including the full spectrum of advanced imaging techniques as well as ECG and respiratory 
gating and triggering.  Thus, the integrated MR platform has all of the imaging capabilities 
required to perform the most challenging clinical MR examinations of any part of the body in 
neonates (Figures 2.5-3 through 2.5-8).  
 One of the most important benefits of the NICU MR system is the reduction of risk 
associated with transport of the neonate to and from the NICU. The reduced size of the magnet 
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provides improved visual contact and physical access to the infant compared with an adult-sized 
scanner.  In addition, the neonatal MRI system is, on average, 11 dBA quieter than a 
conventional adult-sized 1.5-T system for identical imaging protocols (77).  The reduced noise 
level is particularly relevant because excessive acoustic noise can elicit autonomic instability in 
term and preterm neonates (80), and is believed to have direct and indirect detrimental effects on 
growth and neurologic development (112).  For these reasons, ambient acoustic noise in NICUs 
is typically limited to an hourly average of 45 dBA and no transient sound level should exceed 
65 dBA (121).  Sound pressure levels of 81–117 dBA are common in clinical MRI examinations 
at 1.5 T (113) but can be as high as 131 dBA for high speed acquisitions such as EPI (114).  The 
earplugs used for the neonatal MRI examinations (Aero Ear Classic Earplugs, Aearo 
Technologies) are rated to provide 29-dB noise reduction in adults.  The MiniMuffs are designed 
specifically for neonates and, according to the manufacturer, reduce noise exposure by 7 dB.  
Saunders, however, found that the same earmuffs were effective in reducing the noise levels by 
7-12 dB (132).  Hence, with the combination of hearing protection and a quieter imaging system, 
we estimate that the acoustic noise experienced by the infants in this study was at or below 65 
dBA (Tkach JA, et al., presented at the 2012 annual meeting of the Society for Pediatric 
Radiology).  Reduced exposure to noise increases the probability that the MR examination can 
be completed without sedation and with fewer motion artifacts.  The ability to perform MRI 
without patient sedation is particularly important given the growing evidence that sedation in the 
neonatal population has risks, including neuronal apoptosis, apnea, and bradycardia (103-108).  
 The small footprint, reduced weight, and lower acoustic noise of the new system greatly 
reduce the challenges and costs associated with placing an MRI unit in the NICU.  The logistics 
required to perform a neonatal MRI examination are reduced by siting the magnet within the 
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physical boundaries of the NICU.  We believe that the increased access afforded by the new 
scanner will enable additional indications for use.  We believe that the NICU MRI system, once 
established, will provide both clinical and research benefits and will be economically sound. 
 Future enhancements to the NICU MRI system include the development of a transmit- 
only body coil and 16-element phased-array radiofrequency coils to enable high-speed parallel 
imaging techniques that are less sensitive to patient motion.  Additional strategies to minimize 
motion artifacts (e.g., radial k-space trajectories and navigator echo motion correction) will be 
implemented, optimized, and adopted for clinical use.  In addition, we are developing head-only 
imaging coils that will increase the available patient bore diameter to 20 cm, allowing infants up 
to 6.25 kg to be imaged.  This increased patient bore diameter would accommodate 
approximately 97% of the neonates in our NICU (Figure 2.5-2).   
 Commercially available MRI-compatible monitoring devices (Expression, InVivo 
Corporation), continuous positive airway pressure (CPAP) devices (RAM cannula, Neotech), 
and ventilators (BabyPAC, Smith Medical) have allowed us to perform MRI examinations in the 
NICU magnet on sicker infants requiring CPAP and conventional ventilator support.  The use of 
warm blankets and heat packs is an option for thermally unstable infants requiring MRI; for the 
smallest premature infants, we are also developing an enclosed MR-compatible incubator 
system. 
 The limitations of this study include the fact that only 15 infants were evaluated and all 
were medically and thermally stable.  In addition, the imaging protocols were varied between 
infants, and applications outside the brain were not exhaustively investigated.  Finally, image 
evaluation was based on a subjective review by three readers and statistical analysis was not 
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possible.  Studies designed to address these shortcomings are currently under way or are being 
developed. 
 Although the full potential for neonatal imaging of the NICU MRI system was not 
exhaustively evaluated in this pilot study, our initial experience is overwhelmingly encouraging.  
The results of this study show the feasibility of and potential benefit to neonatal medicine of the 
small-bore 1.5-T MR scanner.  We believe that these benefits will be expanded with the addition 
of MR spectroscopy, phased-array coils, and parallel imaging capabilities and with investigations 
of innovative applications outside the brain. 
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2.6 Conclusions and Accomplishments 
 The NICU scanner is now in routine clinical use, and over 350 babies have been 
successfully scanned to date.  The prototype neonatal MRI scanner is used routinely as a 
platform for protocol development and engineering advancements in neonatal MRI.  These 
scanners have enabled interventional MRI applications in neonates for the first time: providing 
image quality comparable or better than conventional large bore MRI systems, significantly 
improved access to the baby during MRI scanning, and much less acoustic noise.  The small 
footprint design coupled with reduced acoustic noise permits the interventional radiologist to 
perform an entire interventional MRI procedure at the patient’s side without wearing hearing 
protection.  The unique opportunity to investigate the feasibility of interventional MRI 
applications for neonates will be the focus of this dissertation.  
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Chapter 3: Device Tracking Under MR Guidance 
 
3.1 Introduction 
 Today, when babies in NICUs need image guided interventions such as feeding tube 
placements or vascular interventions, the only imaging options for guiding the procedures are X-
ray and ultrasound (11).  While X-ray and ultrasound are excellent diagnostic imaging 
modalities, they pose significant constraints on neonatal image guided interventions.  X-ray 
guided procedures require ionizing radiation, which is a major concern in the medical imaging 
community, particularly with pediatric patients (133).  The energetic photons in ionizing 
radiation can liberate electrons from molecules within the body thereby creating free radicals.  
Free radicals are highly reactive and have the ability to alter chromosomes thus modifying gene 
expression (15).  The probability for adverse effects is amplified in the pediatric patient 
population (especially in premature infants) due to the high rate of cell proliferation early in life 
(17-21).  Doody et al. found that children who were radiographed repeatedly for scoliosis in late 
childhood and early adolescence had an increased risk of breast cancer mortality later in life (16).  
It is therefore essential to minimize and/or avoid exposing pediatric patients to ionizing radiation 
whenever possible. 
 Limited soft tissue contrast also poses significant constraints on present day neonate 
image guided interventions.  While ultrasound can provide some soft tissue contrast based on the 
strain and elasticity variations between tissues; interventional procedures are often complicated 
by poor image quality.  Furthermore, ultrasound suffers from a limited imaging FOV which is 
determined by the size of the ultrasound probe, the depth of acoustic wave penetration, and 
difficulty imaging tissues directly beneath bone.  X-ray also suffers from poor soft tissue 
contrast.  X-ray guided procedures provide excellent contrast between bony structures and 
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interventional devices, but limited soft tissue contrast.  Therefore, an X-ray guided procedure 
requires the physician to use remote bony landmarks and anatomic knowledge to guide the 
interventional device.  The lack of soft tissue contrast often leads to increased risks and lengthy 
procedures. 
 Real-time medical device guidance under MRI has been proposed to overcome many of 
the limitations of X-ray and ultrasound guided interventions (34, 36-38).  MR device guidance 
can provide full 3D device tracking and excellent soft tissue contrast without ionizing radiation.  
MR-guided interventions, however, have yet to gain widespread clinical use due to the limited 
accessibility to the patient in a conventional large bore MRI scanner (33).  The capabilities and 
format of the neonate scanners developed at CCHMC allow us to take MRI into realms that were 
not possible with large bore MR systems.  Improved access to the neonate, the ability to acquire 
high quality MR images of soft tissue, reduced acoustic noise, and accurate three-dimensional 
device localization promise to have a powerful and sustained impact on neonatal MR-guided 
interventions. 
 
3.2 Current MR Tracking Methods: Strengths and Weaknesses 
 Successful MR guidance has been demonstrated with a variety of medical devices: biopsy 
needles, ultrasound probes, catheters, guidewires, and endoscopes (34, 36-38).  Most strategies to 
track these devices under MR guidance can be classified in one of two categories: passive or 
active.  Passive device tracking employs high-speed MR imaging in which the interventional 
device is made visible by purposely creating image artifacts by suppressing or enhancing local 
MR signal.  These artifacts are typically created by constructing the device from materials with 
different magnetic susceptibilities than the body.  Magnetic susceptibility differences cause a 
loss of phase coherence, and ultimately MR signal loss.  The size and shape of the artifacts are 
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largely dependent on the shape of the interventional device, the orientation in the main magnetic 
field (B0), and the orientation of the device with respect to the phase and frequency encoding 
axes. 
 Active MR tracking utilizes small device-mounted coil(s) (micro-coil(s)) to pick up either 
gradient excitations (134) or local MR signals (135, 136).  The first approach, gradient excitation 
pickup, determines the position of the coil by mapping the voltage induced in the micro-coil(s) 
with the current driven in each gradient coil during MR imaging.  The second approach and the 
method focused on in this dissertation, local MR signal pickup, utilizes a custom pulse sequence 
to non-selectively excite all nuclear spins within the imaging volume.  MR signals are then 
picked up by micro-coil(s) mounted on the device during the application of a frequency-
encoding magnetic field gradient.  Fourier transformation of the acquired MR signals provides a 
peak which corresponds to the 3D position of the micro-coil(s) within the MR scanner.  The 
position of the micro-coil(s) is often then overlaid on previously acquired MR images to indicate 
device position relative to the anatomy of interest (30, 31, 135, 137-139).  While both passive 
and active MR tracking methods are well suited to guide interventional devices, active MR 
tracking (specifically local MR signal pickup) has significant benefits over passive techniques as 
outlined below in sections 3.2.1 – 3.2.3. 
 
3.2.1 Temporal Resolution 
 Temporal resolution is of particular importance with MR-guided interventions since it is 
a critical metric of the device location feedback provided to the physician during the procedure.  
Passive MR tracking techniques often suffer from poor temporal resolution.  Since passive 
techniques rely on signal voids in acquired MR images to locate the device, temporal resolution 
is limited by the speed of the chosen imaging pulse sequence.  While high speed imaging 
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sequences exist (e.g. echo-planar and spiral), passive tracking methods often suffer a significant 
tradeoff between temporal resolution and MR image quality.  Conversely, active MR tracking 
requires the application of four MR signal excitation/detection sequences, each lasting only a few 
milliseconds.  Active MR tracking can therefore provide excellent temporal resolution up to 50 
frames per second.  Furthermore, active MR tracking does not restrict the choice of the imaging 
pulse sequence used to provide the reference image, thus permitting the image prescription to be 
tailored to the anatomy of interest. 
 
3.2.2 Spatial Resolution 
 Spatial resolution, or tracking accuracy in this context, is of particular importance in MR 
tracking.  Passive MR tracking often suffers from poor spatial resolution.  In passive MR 
tracking, the voxel size of the acquired MR image constrains the spatial resolution of the 
technique.  However, the signal voids or enhancements used in passive MR tracking often mask 
nearby tissue and result in decreased accuracy.  Passive techniques also provide no feedback to 
the scanner and thus require manual image slice steering when the device is moved out of plane.  
With poor spatial resolution, this is often complicated.  MR active tracking, on the other hand, is 
performed independently of MR imaging and therefore is not restricted by the voxel size of the 
reference image.  Instead, the spatial resolution of an active MR tracking technique is largely 
determined by the strength of the magnetic field gradient used in MR tracking pulse sequences.  
Furthermore, active MR tracking can provide a feedback mechanism to the MR system which 
can be used to steer the imaging slice to keep the interventional device visible in each acquired 
image. 
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3.2.3 Multi-coil MR Tracking 
 Many interventional MRI procedures require the simultaneous tracking of multiple 
devices within the body (e.g. a catheter, a guidewire, sheaths etc.).  Furthermore, long flexible 
devices such as catheters often necessitate multiple tracking points along the device in order to 
unambiguously distinguish device curvature and orientation within the body.  Active MR 
tracking is well suited for these applications.  Active MR tracking permits the simultaneous 
tracking of multiple micro-coils, only limited by the number of receivers in the MR system 
(typically 8, 16, or 32).  Therefore, each device can have multiple micro-coils mounted along the 
length of the device.  This approach allows each device to be independently tracked, and the 
device orientation and curvature can be easily distinguished.  Conversely, passive MR tracking 
relies on signal voids or enhancements in the image to track each device.  When multiple devices 
are simultaneously tracked within the body, passive approaches often suffer from overlapping 
signal voids or enhancements making precise and accurate tracking of each individual device 
difficult. 
 
3.3 Challenges to Accurate and Precise Active MR Tracking 
 As detailed above, active MR tracking has many benefits over passive techniques 
including: superior temporal resolution, better spatial resolution, and the ability to track multiple 
micro-coils simultaneously.  Although active MR tracking is well suited for a variety of 
applications, several factors (e.g. resonance offset errors and adverse conditions) can reduce the 
accuracy and precision of the technique. 
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3.3.1 Resonance Offset Errors 
3.3.1.1 Overview 
 A conventional active MR tracking pulse sequence employs a spatially non-selective RF 
pulse that excites all nuclear spins within the volume of the RF excitation coil.  A gradient-
recalled echo is then generated with a readout gradient applied on a selected axis.  The MR 
signal is detected in the presence of this magnetic field gradient and a Fourier transform is 
performed to compute the location of the coil along the axis of the applied gradient.  The entire 
process is repeated for each axis to compute the 3D coordinates of the micro-coil (Figure 3.3-
1A).  
 Several phenomena can alter the resonance frequency of the detected nuclear spins and 
create an offset in the detected coil location.  Potential sources of resonant offsets include: a) 
inhomogeneity in the static magnetic field, b) offset of the transmitter and the receiver frequency 
from the Larmor frequency, and c) local inhomogeneity of the magnetic field caused by 
magnetic susceptibility differences between the metallic micro-coil(s) and the surrounding tissue.   
 
Figure 3.3-1 Resonance offset errors.  A: Simple gradient echo pulse sequence illustrating the 
resonant offset error which occurs.  B: Two gradient echo pulse sequences each with opposite 
gradient polarities in order to cancel any resonant offset errors that occur. 
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Resonance offset errors are easily remedied by acquiring the position along each axis 
twice using opposite readout gradient polarities (Figure 3.3-1B).  Reversing the gradient polarity 
results in the component of the signal arising from the coil position to change, but the resonance 
offset error remains the same.  Resonance offset errors are therefore eliminated by computing the 
average between the two detected positions along the axis.   
 
3.3.1.2 Hadamard Multiplexing 
 In 1993, Hadamard multiplexing was proposed by Dumoulin et al. as the most efficient 
technique to overcome resonance offset errors (135).  Hadamard multiplexing uses a 
multiplexing scheme in which three orthogonal gradient pulses are simultaneously applied 
during each of four excitations.  Each excitation is performed with a unique combination of 
swapped gradient polarities as shown in Table 3.3-1. 
Table 3.3-1 Hadamard gradient polarity multiplexing strategy. 
Excitation X Y Z 
1 - - - 
2 + + - 
3 + - + 
4 - + + 
 
 These four excitations allow the true 3D position (X, Y, and Z) of the coil (without 
resonant offset errors) to be calculated with three simple linear equations.  Pos(ex 1), Pos(ex 2), 
Pos(ex 3), and Pos(ex 4) refer to the coil positions determined in the first, second, third, and 
fourth excitations respectively: X =  −Pos(ex 1) + Pos(ex 2) + Pos(ex 3) − Pos(ex 4) Y =  −Pos(ex 1) + Pos(ex 2) − Pos(ex 3) + Pos(ex 4)       [3.3-1] Z = −Pos(ex 1) − Pos(ex 2) + Pos(ex 3) + Pos(ex 4) 
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 Hadamard multiplexing provides information throughput which is maximized and free of 
resonant offset errors, since all four excitations are used for each localization.  Although the 
position along each axis (X, Y, X) could be determined with just three excitations, the fourth 
excitation in a Hadamard encoding scheme permits the resonance offset to be extracted as an 
error term. 
 
3.3.2 Adverse Conditions 
3.3.2.1 Overview 
 When the SNR of the detected MR signals is high, the accuracy and precision of active 
MR tracking is well suited to a wide variety of applications.  On the other hand, adverse 
conditions can compromise the accuracy and precision of active MR tracking.  Some of the 
challenges to signal quality in MR tracking arise from the construction of the device.  For 
example, active MR tracking devices are typically constructed with integrated solenoid coil(s) in 
which some, or all, of the MR signal detected by the coil(s) arise from regions outside of the 
coil(s).  This results in less efficient detection (i.e. lower SNR) and a complicated phase 
sensitivity profile.  The sensitivity profile of a small solenoid coil is further complicated by:  a) 
the orientation of the coil within the static magnetic field of the MRI system, b) magnetic 
susceptibility differences between the catheter and its surroundings, and c) the orientation of the 
coil with respect to the applied magnetic field gradients used in the MR tracking pulse 
sequences.  Unfortunately, no a priori knowledge of the orientation of the coil can be used if a 
fully robust MR device tracking system is desired.  Robust MR tracking under adverse 
conditions is also made difficult by the coupling of undesired MR signals into the MR tracking 
coil.  The coupling is usually inconsequential in high SNR cases, but even a moderate amount of 
inductive coupling between the small receive coil and a larger resonant coil (e.g. the body coil) 
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can cause MR signals beyond the sensitive volume of the micro-coil to be detected with a 
sensitivity sufficient to compromise robust tracking. 
 
3.3.2.2 Phase-field Dithering 
 Phase-field Dithering (140) is a method that serves to increase the accuracy and precision 
of active MR tracking under low SNR conditions.  This method employs dephasing magnetic 
field gradient pulses applied orthogonal to the frequency encoding gradient.  Tracking is repeated 
over a cycle length of N, in which the dephasing gradients are rotated perpendicularly about the 
frequency encoding direction.  Phase-field Dithering serves to de-phase signals over large 
regions to reduce cross-coil coupling.  It also changes the distribution of MR signal phase in the 
immediate vicinity of the micro-coil.  With each orthogonal dephasing gradient, MR tracking 
signal can either be improved or hurt in an unpredictable fashion.  Consequently, this method 
relies on quality metric algorithms which analyze data from each dephasing gradient pulse to 
identify the optimum tracking signal. 
 
3.3.2.3 MR Tracking Power Spectrum Peak Detection 
 The Fourier transform of MR signals acquired by a micro-coil in active MR tracking 
ideally results in a single peak in the power spectrum which can be located with a simple 
maximum pixel intensity algorithm.  The distribution of signal detected by the coil, however, is 
highly dependent upon the orientation of the coil with respect to each of the applied gradients.  A 
spatial-encoding gradient applied across the width of the tracking coil (Figure 3.3-2A) results in 
a single peak in the power spectrum, and the maximum pixel algorithm can accurately determine 
the center of the tracking coil.  On the other hand, when the spatial encoding gradient is applied 
along the length of the tracking coil (Figure 3.3-2B), a complicated peak shape can cause the 
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maximum pixel algorithm to hop between the two maxima.  This results in an inaccurate 
identification of the center of the tracking coil and thus decreases MR tracking accuracy and 
precision. 
 
 
 
  
 Complicated peak shapes can also arise due to the micro-coil’s alignment with respect to 
the main magnetic field (B0).  As the micro-coil is aligned along the Z-axis of the MR scanner, 
its flux density perpendicular to B0 is reduced and geometrically averages to zero.  This leads to 
a reduction in overall signal power detected by the micro-coil and a complicated peak shape.  
Since no a priori assumption can be made about the orientation of the micro-coil for a robust 
tracking system, the peak detection algorithm must be robust enough to account for non-ideal 
peak shapes caused by the tracking coil orientation in the spatial encoding gradient and the main 
magnetic field (B0). 
Figure 3.3-2 Schematic rendition of a power spectrum sensitivity profile of a solenoid tracking coil.  
A: Spatial encoding gradient applied along the width of the coil producing a single peak.  B: Spatial 
encoding gradient applied along the length of the coil producing a complicated peak shape. 
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3.3.2.3.1 Centroid Pixel Method 
 The centroid pixel method was proposed to overcome many limitations of the maximum 
pixel algorithm, but its potential benefits were never investigated (141).  The centroid pixel 
method expands upon the maximum pixel method to include the known micro-coil length.  By 
computing the “center of mass” of the MR signal within a window centered around the 
maximum pixel, the centroid pixel method is able to more reliably calculate the true center of the 
coil.  The centroid pixel method is therefore much less sensitive to signal fluctuations caused by 
changes in orientation of the applied spatial encoding gradients and the micro-coil orientation 
within the magnet bore.  The centroid pixel method will be explained in greater detail in section 
3.6.2.1. 
 
3.3.2.3.2 Micro-transmit Tracking 
 Active MR tracking in low SNR conditions using the traditional approach of a uniform 
body-coil excitation followed by a selective micro-coil detection of MR signals often suffers 
from cross coil coupling and complicated phase sensitivity profiles.  Although helpful, Phase-
field Dithering does not fully overcome MR tracking limitations in these conditions.  To 
overcome this problem, a new method, entitled micro-transmit tracking, was developed.  Micro-
transmit tracking uses the micro-coil for both transmission and reception of the RF signal.  This 
approach has benefits over conventional methods.  With micro-transmit tracking, only a small 
number of spins near the tracking coil(s) are excited, greatly reducing the potential for cross coil 
coupling of MR signals from other locations in the body.  In addition, phase cancelation of the 
MR signal caused by the dipole sensitivity profile of the micro-coil is virtually eliminated since 
the same coil performs both excitation and reception.  The micro-transmit tracking method will 
be explained in greater detail in section 3.6.2.2. 
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3.4 Active MR Tracking Suite 
 An active MR tracking system developed previously (135, 136) was installed on the 
research neonatal MRI scanner.  The system consists of an MR tracking multiplexor switch, a 
micro-transmit switch, custom MR tracking software, and an in-room monitor/trackball.  An 
overall system diagram is illustrated in Figure 3.4-1 and each subsystem is described below. 
 
 
 
 
3.4.1 MR Tracking Multiplexor Switch 
 In a conventional HDx MRI scanner, each receiver has only one input.  During MR 
tracking it is essential to have the ability to rapidly switch the input of each receiver between 
imaging coils and device tracking coils.  The MR tracking multiplexor switch was developed to 
Figure 3.4-1 Active MR tracking system block diagram. 
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perform this task.  The switch is controlled by a TTL pulse from the DAB outputs of the HDx 
electronics.  The MR tracking multiplexor has two TTL inputs.  A TTL pulse from DAB OUT 6 
will route the conventional imaging coil receive channels to the inputs of each receiver.  A TTL 
pulse from DAB OUT 8 will instead route the device tracking coils to the receiver inputs.  The 
MR tracking multiplexor has a timer circuit that causes the switch to automatically revert to 
imaging mode if no TTL pulses are received from DAB OUT 8 for a period of 1 second. The 
MR tracking multiplexor switch is also responsible for placing +15 volt bias on each tracking 
channel line to provide bias to the preamplifiers. The TTL scanner output pulses are controlled 
with the custom MR tracking software suite.   
 
3.4.2 Micro-transmit Switch 
 The micro-transmit switch routes the signal generated by the exciter to either the 
conventional RF amplifier (during body coil excitation) or to a smaller 20 Watt amplifier inside 
the micro-transmit switch (during micro-transmit tracking).  The switch is similar to the MR 
tracking multiplexor switch in that its state is also controlled by two TTL inputs.  A TTL pulse 
from DAB OUT 7 routes the exciter signal to the standard RF amplifier for body coil excitation.  
A TTL pulse from DAB OUT 9 instead routes the exciter signal through a small low powered 
RF amplifier located inside the micro-transmit switch for micro-transmit tracking.  The TTL 
output pulses are controlled by the custom MR tracking software suite.  The micro-transmit 
switch also controls an active blanking circuit to help reduce RF amplifier noise during MR 
signal reception to increase the SNR of the received signal. 
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3.4.3 Active MR Tracking Software 
 The custom MR tracking software suite (written by Dr. Charles Dumoulin, Mr. Robert 
Darrow, and others at the General Electric Global Research Center in Schenectady, New York) 
starts automatically when launching the MR tracking pulse sequence (135).  This custom MR 
tracking pulse sequence provides the ability to perform MR tracking using custom imaging pulse 
sequences and/or all stock GE pulse sequences (GE Healthcare, Waukesha, WI).  Each sequence 
and corresponding parameters can be changed directly in the MR tracking software suite, and 
does not require another “save series” and “download”.  The software interface contains both a 
button panel and an image review buffer.  The image review buffer holds a maximum of 1000 
images and contains a slider to scroll through each acquired image.  When the “track” button is 
selected, the scanner begins to track the device mounted coil(s) and overlays colored icons on the 
image displayed in the image review buffer.  These overlaid icons correspond to each micro-coil 
position relative to the anatomy displayed in the image.  Another important feature of the 
tracking software is entitled “guided scan”.  In guided scan, the software will track for a 
specified period of time, then acquire one or more images at the tracked coil location.  As the 
tracking coil(s) is/are moved around the imaging volume, the imaging plane will follow keeping 
the tracking coil(s) visible within the image.  Another feature entitled “scope”, allows the user to 
view the received signal during each excitation for the tracking coil(s).  The “scope” feature is 
valuable for optimizing the SNR of tracking coils, or troubleshooting tracking coil performance.  
The MR tracking software suite has other stock features, but these will not be explained in detail 
since they are not relevant to this research. 
 Two new features were added to the MR tracking suite to aid in the research described 
here.  Adding these features required modification to the source code (written in C) of the MR 
tracking suite.  The first feature entitled “locate point”, reports the 3D scanner coordinates of a 
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user-selected pixel in an acquired MR image.  This feature was essential for the assessment of 
MR tracking accuracy and precision.  The second feature allowed the user to select the desired 
peak detection algorithm (maximum pixel or centroid pixel).  Originally, the software was hard-
coded to use the centroid pixel method and did not allow for assessment of the maximum pixel 
method.   
 
3.4.4 In-room Monitor and Trackball 
 An MR compatible monitor was installed on a custom built wheeled stand.  The monitor 
is installed inside the research neonatal MRI scanner room.  This monitor mirrors the scanner 
computer via video feed received by fiber optic cables.  The monitor is made from non-magnetic 
materials which permit it to be used in the immediate vicinity of the neonatal MRI scanner.  A 
trackball mounted to the monitor can be used to move the mouse of the MRI scanner computer, 
and click any button on the MR tracking software suite.  The monitor therefore allows the 
interventional radiologist to perform the entire MR-guided procedure without leaving the magnet 
room. 
 
3.5 Assessment of MR Tracking Techniques 
Active MR device tracking often suffers from compromised accuracy and precision due 
to two phenomena: resonant offset errors and adverse/non-ideal conditions.  An active MR-
guided NJ feeding tube placement system will likely suffer from both of these phenomena.   
Resonant offset errors will be created by local magnetic field inhomogeneity surrounding the 
device and cross-coil coupling between the feeding tube-mounted micro-coils and the large 
volume body coil.  Adverse conditions are also possible since the feeding tube will be guided 
through the gastrointestinal tract which can be filled with air which has no intrinsic MR signal.  
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If a fully robust MR-guided NJ feeding tube is desired, it is essential to reduce or eliminate 
accuracy and precision errors caused by these two phenomena. 
  To investigate and improve active MR tracking accuracy and precision in these 
conditions, a study was performed to examine previously published error correction methods 
(Hadamard multiplexing and Phase-field Dithering), as well as assess the potential benefits of the 
centroid pixel method and the novel micro-transmit tracking method.  A paper describing the 
study was entitled “Optimizing Accuracy and Precision of Micro-coil Localization in Active MR 
Tracking in the Presence of Adverse Conditions”.  Before this study, MR tracking accuracy and 
precision with these combined methods had not been evaluated, the centroid pixel method had 
never been assessed, and micro-transmit tracking had not been introduced.  The study was 
performed by evaluating all four methods both theoretically, using electromagnetic (EM) field 
analysis, and experimentally in the CCHMC research neonatal MRI scanner.  The submitted 
paper is enclosed in section 3.6.  
115 
 
3.6 Optimizing Accuracy and Precision of Micro-coil Localization in 
Active-MR Tracking in the Presence of Adverse Conditions 
 
Barret Daniels, BA1,2, Ronald Pratt, PhD1, Randy Giaquinto, AAS1,  
and Charles Dumoulin, PhD1,2 
 
1Department of Radiology 
Cincinnati Children’s Hospital Medical Center 
MLC 5033 
3333 Burnet Ave. 
Cincinnati, OH  45229 
 
2Department of Biomedical Engineering 
University of Cincinnati 
2901 Woodside Drive 
Cincinnati, OH  45221 
 
 
 
Corresponding Author:    Barret Robert Daniels 
 
 
Journal: Magnetic Resonance Imaging 
Volume:  
Issue:  
Pages:  
Published: Pending acceptance as of July, 2015 
DOI:  
 
 
 
  
 
 
 
 
 
 
 
 
 
116 
 
3.6.1 Introduction 
Real-time active tracking of interventional devices using magnetic resonance (MR) has 
been proposed as an alternative to X-ray visualization during interventional procedures (30, 32, 
34, 36, 38, 135, 139, 142).  MR provides better visualization and contrast of soft tissue than X-
ray, and does not employ ionizing radiation.  Most strategies to track devices using MR can be 
classified as either passive or active.   Passive device visualization methods employ “high-speed” 
MR imaging in which the interventional device is made visible, typically with the suppression or 
enhancement of MR signal by manipulating the magnetic susceptibility properties of the device.  
Passive techniques, however, have several limitations including: visual ambiguity, no feedback 
mechanism to ensure the imaging plane contains the device, poor temporal resolution, and poor 
positional accuracy (32, 143-146).   
There are two approaches to active-MR device visualization.  The first approach 
integrates magnetic field pick-up coils into the tracked device.  The position of the pick-up coils 
is determined from the voltage induced in each coil by magnetic field gradient activity during 
MR imaging (134).  The second approach and the focus of this paper, employs micro-coils that 
act as point-source detectors of MR signals.  These micro-coils detect MR signals in the presence 
of applied magnetic field gradients which cause the frequency of the MR signal to be 
proportional to position.  Since the sensitivity of a micro-coil is spatially limited, Fourier 
transformation of the acquired signals provides a peak in the power spectrum whose width is 
typically determined by the size of the micro-coil (30, 31, 36, 135, 137-139, 147).  Active MR 
tracking using point-source detection micro-coils has several advantages over passive 
techniques: tracking rates up to 50 frames per second, improved spatial resolution, the ability to 
track multiple non-coplanar devices simultaneously, low acoustic noise, and the ability to control 
the MR imaging scan plane in real-time using 3D device localization. 
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When the Signal-to-Noise Ratio (SNR) of the detected MR signals is high during active-
MR tracking, tracking accuracy and precision are well suited to a wide variety of applications.  
Adverse conditions caused by non-idealities of the tracking device and the MR tracking 
environment, however, can restrict MR tracking rate and robustness.  Some of the challenges to 
signal quality in MR tracking arise from the construction of the device (140, 148).  For example, 
MR-tracked catheters are typically constructed with integrated solenoid coils in which some, or 
all, of the MR signal is detected from outside of the coil. Since the dipole field pattern of the 
micro-coil results in a non-uniform phase distribution in the MR-active region, phase 
cancellation of the detected MR signals can occur.  Adverse conditions also arise from complex 
sensitivity profiles of the micro-coil created by:  a) the orientation of the coil within the static 
magnetic field (B0) of the MR system, b) magnetic susceptibility differences between the device 
and its surroundings, c) the orientation of the coil with respect to the applied magnetic field 
gradients that are used in MR tracking pulse sequences, d) inductive coupling of neighboring 
coils or metallic devices to the micro-coil, and e) rapid or complex flow of the proton spins 
around the micro-coil (135, 140).  
Several methods to improve tracking accuracy in these conditions have been previously 
proposed.  Hadamard Multiplexing addresses resonance offset errors by encoding device position 
with unique combinations of three orthogonal localizing gradient pulses in each of four tracking 
excitations.  The detected MR peak locations are used in four linear equations to determine the 
X, Y and Z addresses of the coil and an error term that corresponds to the resonance offset (135, 
136, 149).  With Hadamard Multiplexing, information throughput is maximized since all four 
excitations are used for each localization. 
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Phase-field Dithering is another method to increase the robustness of active-MR tracking 
under adverse conditions (140).  This method employs dephasing magnetic field gradient pulses 
applied orthogonal to the frequency encoding gradient. Tracking is repeated over a cycle length 
of N, in which the dephasing gradients are rotated perpendicularly about the frequency encoding 
direction.  The application of the dephasing gradient has two effects on the detected MR signal.  
First, it serves to dephase signals over large regions, thereby reducing the profile of MR signals 
that are coupled into the tracking coil.  Second, the dephasing gradient changes the distribution 
of MR signal phase in the region around the MR tracking coil (35, 140).  This can either improve 
or degrade the tracking signal depending on the complex local magnetic field environment 
around the micro-coil.  Consequently, MR tracking data acquired over the entire cycle length is 
analyzed to extract the best tracking information.   
In our experience, Hadamard Multiplexing and Phase-field Dithering are important 
techniques, but they do not fully overcome MR tracking limitations caused by adverse tracking 
conditions and the non-ideal peak profiles associated with lumenless devices.  Therefore, two 
additional strategies to further increase the robustness of active-MR tracking were investigated.  
The first strategy improves upon the conventional “maximum pixel” approach to peak detection 
in the power spectrum by computing the “center of mass” of the MR signal peak.  The value of 
this approach can be assessed by considering the example of a fully immersed symmetric micro-
coil aligned transversely in B0.  This coil will have local signal intensity maxima at each end of 
the coil; however, small fluctuations in the signal due to noise can cause the detected coil 
location to hop between the two maxima.  One approach to micro-coil localization in these 
conditions determines the cross correlation between the acquired and a theoretical B1-model of 
the micro-coil to more precisely detect the maximum (150).  The centroid pixel method, on the 
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other hand, simply computes the “center of mass” of signal intensity around the local maximum 
to determine the center of the coil, and thus is insensitive to hops between maxima.  Although 
the centroid pixel method has been previously disclosed (141), the potential benefits of have yet 
to be investigated or quantified.   
The second strategy to improve tracking accuracy and precision in adverse conditions 
uses the tracked micro-coil for both transmission and reception of the RF signal (i.e. micro-
transmit tracking).  Unlike conventional MR tracking in which the body coil is used to uniformly 
excite all spins within the active volume of the magnet, with micro-transmit tracking only those 
spins near the tracking coil are excited, and the potential for coupling of MR signals from other 
locations within the bore is greatly reduced.  In addition, phase cancellation of the MR signal 
caused by the dipole sensitivity profile of the small coil is virtually eliminated since the same 
coil now performs both excitation and reception.  
The purpose of this study was to examine MR tracking precision and accuracy with 
existing error correction methods (Hadamard Multiplexing and Phase-field Dithering), as well as 
to assess the potential added benefits of the centroid pixel method and micro-transmit tracking.  
This study was performed by evaluating these methods both theoretically, using electromagnetic 
(EM) simulation, and experimentally in an MR scanner. 
 
3.6.2 Methods 
 Electromagnetic simulations were performed to evaluate the tracking accuracy of two 
MR tracking strategies: the centroid pixel method and micro-transmit tracking.  EM simulations 
of these two methods are described below.  Experimental validation to assess tracking accuracy 
and precision was also performed using these strategies in a single lumenless micro-coil under 
adverse conditions. 
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3.6.2.1 Centroid Pixel Method 
 The centroid pixel method relies on an assumption of the length of the coil, C, and an 
expansion factor, F (typically set to 2.5), which are multiplied together to give the window, W, 
over which MR signal detected by a micro-coil is expected (Figure 3.6-1).  Computing the 
“center of mass” (i.e. centroid) of the MR signal is performed by first finding the location of the 
maximum signal intensity, Lmax.  Then, the window, W, is centered at Lmax where it encompasses 
all of the signal from the coil, regardless of where the maximum, Lmax, is detected.  The location 
of the center of mass, Lcent, of the signal intensity in the region W is given by equation 3.6-1: 
   
 
           
    [3.6-1]        
              
 
 It is important to note that the location of the centroid will be approximately the same, 
regardless of where the maximum data point is found within the peak profile.  Also, the approach 
makes no a priori assumption about the expected sensitivity profile of the micro-coil which can 
vary dramatically with orientation with respect to B0.  
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3.6.2.2 Micro-transmit Tracking 
 The micro-transmit tracking strategy uses the micro-coil for spin excitation instead of the 
body coil.  It can be implemented with a low powered (< 2 Watt) RF excitation pulse.  The 
advantage of the approach is that it only excites the nuclear spins in the vicinity of the micro-
coil.  The same micro-coil is then used to receive the signal from the excited spins.  It is 
important to note that with this method the same phase sensitivity profile is used for both spin 
excitation and reception, which reduces phase cancelation of the MR signal and increases the 
sensitivity of the micro-coil. 
Figure 3.6-1 Representation of the signal sensitivity profile of a solenoid coil under non-ideal 
conditions (e.g. spatial-encoding gradient parallel to axis of coil).  Under this condition, two 
local maxima can be found. The centroid pixel method first identifies the most intense local 
maximum and computes a window centered on the maximum which is typically set to 2.5 times 
the coil size.  The “center of mass” (i.e. centroid) of the MR signal within that window is then 
computed.  Note that approximately the same “center of mass” is determined regardless of 
which local maximum is detected. 
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3.6.2.3 Electromagnetic Simulation 
 The magnetic field profile of a typical solenoid tracking coil (3.5 mm diameter, 3.5 mm 
in length, and 15 windings) was modeled with electromagnetic simulation software, HFSS 15 
(Ansys Inc., Burlington, MA).  The B1 field distribution was simulated via the Finite Element 
method at 63.8 MHz (i.e. the Larmor frequency for 1H at 1.5 Tesla).  The axis of the micro-coil 
was reoriented in all combinations of 5 degree increments around the X and Z axes, producing 
B1 vector fields for 73 * 73 = 5,329 orientations of the micro-coil.  The profiles were then 
exported in a 10.5 mm x 10.5 mm x 10.5 mm grid with a 0.2 mm spacing to Matlab 2014a 
(Mathworks Inc., Natick, MA) for data processing.  Body coil and micro-transmit tracking 
excitations were simulated at each orientation.  Body coil transmit was simulated by applying a 
uniform 90° excitation to all the nuclear spins within the mesh volume.  Micro-transmit tracking 
was simulated by applying current to the micro-coil sufficient to generate a 90° excitation pulse 
at the center of the coil and the application of the Biot-Savart law to obtain a spatially varying 
pattern of spin magnetization and phase, as determined by the micro-coil’s dipole field pattern.   
 MR signal acquisition was simulated using the inverse Biot-Savart law to determine the 
current driven in the micro-coil by the magnetic fields in the mesh volume.  The magnitude and 
phase of the simulated MR signal were calculated for both micro-transmit tracking and body coil 
transmit by integrating the MR signals perpendicular to each axis to emulate simple MR tracking 
projections in which the localization gradients are applied sequentially on the X, Y and Z axes.  
The magnitude of the simulated signal was then computed to obtain simulated projections along 
the X, Y and Z axes.  Micro-coil location was then determined in each projection using the 
centroid pixel method and maximum pixel peak detection for each transmit mode.  The 
positional error for each coil orientation was determined by calculating the Euclidean distance 
from this calculated position to the center of the micro-coil in the simulation.  Positional error for 
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each transmit mode was defined as the mean of the Euclidean distance calculated at each 
orientation.  The worst case condition was defined as the orientation with the greatest Euclidean 
distance between the determined location and micro-coil center. 
 
3.6.2.4 Experimental Hardware and Software  
 A system for switching between body coil transmit and micro-transmit tracking was 
designed and added to the MR tracking suite developed previously (1,18,19).  Switching between 
the conventional body coil transmitter and the micro-transmitter was performed by rerouting the 
RF input of the body coil amplifier through a 2 Watt RF amplifier (model ZHL-1-2W, 
Minicircuits, Brooklyn, NY) using an RF relay.  A passive T/R switch employing a ¼ λ 
transmission line was used to protect the micro-coil’s receiving preamplifier during spin 
excitation.  Three pairs of crossed diodes placed in series were used to blank noise from the 
Minicircuits RF amplifier during MR signal reception.  An active blanking circuit was also 
implemented in the micro-transmitter to further eliminate amplifier noise during signal reception.   
 A test coil having the same dimensions and winding density as the simulated coil was 
built by winding the inner conductor of a 42 AWG micro-coaxial cable 15 times around a solid 
plastic rod to create a lumenless 15 turn micro-coil with a diameter and length of 3.5mm.  The 
end of the inner conductor was then soldered to the shield of the micro coaxial cable and the 
windings were glued in place.  As with most active MR tracking coils, the micro-coil was not 
tuned or matched.  The plastic rod was mounted in the lid of a 500-ml cylindrical plastic bottle 
with the micro-coil positioned in the center of the bottle.  The bottle was filled with 0.1 M copper 
sulfate solution to approximate the T1 properties of human tissue.  The micro-coaxial cable was 
soldered to a MMCX connector at the other end for attachment to the MR system.  A blocking 
network was not added to the device since the micro-coil was not tuned and no cross-coil 
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coupling was expected.  As a verification measure, cross-coil coupling was assessed before any 
tracking measurements were made. 
 
 
 
 
 The micro-coil design allowed for assessment of MR tracking accuracy and precision in 
adverse conditions due to: a) the lack of a signal source inside the micro-coil, b) magnetic 
susceptibility differences between the micro-coil and the human tissue mimicking phantom, and 
c) inductive coupling of neighboring coils such as the body coil.   A rotation platform (Figure 
3.6-2) was built which allowed the micro-coil mounted in the bottle to be rotated 360° with 
respect to the platform.  The rotating platform could itself be rotated 360° along the B0 axis of the 
magnet.  Thus, full single axis rotations (i.e. around the X, Y or Z axes), or double axis oblique 
Figure 3.6-2 Experimental setup for evaluation of MR tracking accuracy and precision.  A 
micro-coil was built onto a plastic rod mounted in the lid of the phantom.  The phantom was 
strapped to a modified goniometer and then attached to a custom built plastic platform.  The 
combined platform and goniometer allowed for two axes of rotation. 
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rotations (e.g. rotations around the XY axis) could be performed while keeping the micro-coil at 
the isocenter of the MR scanner.  This platform permitted assessment of MR tracking accuracy 
and precision in adverse conditions created by the orientation of the coil within the static 
magnetic field (B0) of the MR system and the orientation of the coil with respect to the applied 
magnetic field gradients that are used in MR tracking pulse sequences. 
 
3.6.2.5 Experimental Setup 
 The platform holding the bottle/micro-coil was placed in the magnet bore of a GE 
Medical Systems (Waukesha, WI) 430S 1.5 Tesla MR scanner (77-79) in four platform positions 
(horizontal, 45° rotated left, vertical, and 45° rotated right).  Orienting the platform in these 
positions allowed for bottle/micro-coil rotation around four independent axes.  These axes are 
mathematically defined by the Eigenvectors (0,1,0), (0.5,0.5,0), (1,0,0), and (-0.5,0.5,0).  At each 
platform position, the bottle/micro-coil assembly was rotated in 10° increments around the 
corresponding axis.  This resulted in 36 bottle/micro-coil positions for each platform position 
inside the magnet bore, and thus a total sampling of 144 micro-coil orientations.   
 
3.6.2.6 Experiment Data Acquisition 
 At each orientation, the micro-coil was first used as a transmit/receive coil to make an 
MR image to determine the micro-coil’s “true” physical position in the magnet bore.  The micro-
coil position was found using a simple gradient echo pulse sequence oriented to acquire an 
oblique slice containing the axis of the micro-coil (matrix size: 256x256, TR: 8 ms, TE: 3.4 ms, 
FOV: 5 cm, slice thickness: 6 mm, BW: 31.25 kHz, flip angle: 30o, averages: 1).  The slice plane 
was then stepped through the coil in 1mm increments, until each edge of the coil was captured 
within the 6 mm image slice, as illustrated by slices one and fourteen in Figure 3.6-3.  The MR 
126 
 
signal from near the windings of the micro-coil appeared as bright spots in the acquired images.  
Once the coil edges were found, the center slice through the coil was calculated, and the three-
dimensional MRI coordinates of the center of the micro-coil were determined.  Thus, the location 
of the coil was determined with an accuracy of 0.20 mm in plane (FOV/matrix size) and 1 mm 
through plane.  These coordinates were defined as the “Gold Standard” for the micro-coil 
location.  This approach made the experiment insensitive to displacements of the phantom from 
the isocenter of the magnet ensuring accurate measurement of the center of the micro-coil.  It is 
important to note that the positional accuracy of the micro-coil location is defined with respect to 
the location of the micro-coil as determined in an MR image and not in an absolute laboratory 
frame of reference.   Since geometric distortions caused by magnetic field inhomogeneities and 
gradient field non-linearity are identical for both tracking and imaging, the registration of micro-
coil tracking with anatomic reference images is implicit. 
After imaging, Hadamard multiplexed MR tracking measurements (vector size: 256, 
FOV: 9 cm, flip angle: 15o, averages: 1, TR: 16.67 ms, BW: 31.25 kHz, Phase-field Dithering 
cycle length: 5, tracking rate: 15 pts/sec) were recorded for one minute with all combinations of 
transmit modes and peak detection methods (body coil transmit/maximum pixel, body coil 
transmit/centroid pixel, micro-transmit tracking/maximum pixel, and micro-transmit 
tracking/centroid pixel).  This provided 900 MR tracking samples at each coil orientation for 
each combination.  Phase-field Dithering was implemented by applying five dephasing magnetic 
field gradient pulses orthogonal to the frequency-encoding gradient.  MR tracking measurements 
were sent in real-time to a logging file on the MRI scanner computer. 
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3.6.2.7 Experiment Data Processing 
The combination of the four platform positions, two transmit modes, two peak detection 
methods, and 36 orientations, yielded 576 micro-coil location values (144 body coil 
transmit/maximum pixel, 144 body coil transmit/centroid pixel, 144 micro-transmit 
tracking/maximum pixel, and 144 micro-transmit tracking/centroid pixel).  These values, along 
with the location of the micro-coil as determined by imaging were used to evaluate the precision 
and the accuracy of each tracking strategy. 
Positional Accuracy:  Accuracy was calculated at each position by comparing the 
Euclidean distances between the mean tracked micro-coil locations to the image based “Gold 
Standard” determination of the coil position.  This led to 576 distances (144 body coil 
transmit/maximum pixel, 144 body coil transmit/centroid pixel, 144 micro-transmit 
tracking/maximum pixel, and 144 micro-transmit tracking/centroid pixel).  A one-tailed t-test for 
Figure 3.6-3 MR images acquired from one edge of the micro-coil to the other using the micro-coil 
as a transmit/receive imaging coil. Each slice was acquired sequentially with an incremental offset 
of 1mm.  Even though each image has a slice thickness of 6mm, partial volume effects make the 
edges of the coil visible.  By using the symmetry of the coil sensitivity profile, the location of the 
micro-coil can be estimated with an accuracy of 1mm in the slice direction by simply interpolating 
the distance between the most extreme slices in which the coil is seen (i.e. slice 1 and 14).  The in-
plane resolution of micro coil localization was defined by the FOV and matrix size to be 0.20 mm. 
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dependent means was used to determine the statistical significance between peak detection 
methods (body coil transmit/maximum pixel and body coil transmit/centroid pixel).  Another 
one-tailed t-test for dependent means was used to determine the statistical significance between 
the transmit modes (body coil transmit/maximum pixel and micro-transmit tracking/maximum 
pixel).  The worst case condition was determined by identifying the maximum Euclidean 
distance for each transmit mode/peak detection combination. 
Precision:  Precision at each orientation for each transmit mode/peak detection 
combination was determined by first calculating the Euclidean distance (Dj) between the average 
position and each sampled position.  Next, the root mean square error (RMSE) of the n=900 
distance values was calculated as follows:  
 
           
           [3.6-2] 
   
 
Overall jitter for each transmit mode/peak detection method was determined by calculating the 
mean of the RMSE values from all orientations. 
Coil Orientation: The relationship between coil orientation and tracking accuracy was 
investigated by plotting the Euclidean distance errors as a function of micro-coil orientation 
along B0. 
 
Ejitter =  �1n�(Dj)2n
j=1
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3.6.3 Results 
3.6.3.1 Electromagnetic Simulations 
 Micro-transmit tracking offered a significantly improved peak shape (Figure 3.6-4) at 
every coil orientation, and when combined with the centroid pixel method, MR tracking 
accuracy was substantially improved.  The electromagnetic simulation results for all 5,329 
orientations of the micro-coil are summarized in Table 3.6-1.  The micro-transmit tracking 
method combined with the conventional maximum pixel method showed a decrease in the mean 
positional error of 0.15 mm relative to body coil transmit, and a 0.08 mm improvement in the 
worst case orientation.  The centroid pixel method used in conjunction with body coil transmit 
offered a reduction in the mean positional error of 1.18 mm relative to the maximum pixel 
method, and a 2.17 mm improvement in the worst case orientation.  Finally, combining the 
centroid pixel method and micro-transmit tracking reduced the mean positional error by 1.41 mm 
with respect to the traditional maximum pixel method used with body coil transmit.  This 
combined approach also resulted in a 2.51 mm reduction in positional error in the worst case 
orientation.  As shown in Figure 3.6-5, MR tracking positional errors varied with micro-coil 
alignment along B0 with the maximum pixel algorithm, but not substantially with the centroid 
pixel method.  A visual representation of overall MR tracking positional errors for each 
combination of transmit mode and peak detection method is shown relative to the physical size 
of the micro-coil in Figure 3.6-6. 
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Figure 3.6-4 Simulated MR tracking power spectra of an arbitrarily orientated micro-coil. (A) body 
coil transmit with micro-coil receive, (B) micro-coil transmit with micro-coil receive. Integration of 
the simulated MR signal was performed in each plane perpendicular to B0.  The magnitude of the 
integrated signal was plotted as a function of position along B0. 
Figure 3.6-5 Electromagnetic simulation results from 36 orientations of the micro-coil.  The 
micro-coil begins aligned along the Y axis (90° with respect to B0) and is rotated in 5° increments 
around the X axis until it is aligned along the –Y axis (-90° with respect to B0).   Positional error 
(i.e. Euclidean distance of the tracked location from the center of the micro-coil) is plotted as a 
function of micro-coil orientation for all combinations of transmit modes and peak detection 
algorithms. 
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3.6.3.2 MR Experiments 
 The experimental findings were in line with the electromagnetic simulation results.  As 
shown in Figure 3.6-7A, when the body coil was used for transmission, at least one MR tracking 
profile (e.g. X, Y, or Z) had a phase sensitivity profile that could not be fully remedied by Phase-
field Dithering and Hadamard Multiplexing.  This resulted in a complicated peak shape that 
made accurate MR tracking localization difficult.  Exciting with the micro-coil (micro-transmit 
tracking), as shown in Figure 3.6-7B, significantly improved the peak shape in these conditions 
and improved MR tracking accuracy and precision. 
  
Figure 3.6-6 Visual representation of the EM simulation results with respect to the physical 
size of the solenoid micro-coil.  Solid lines in (A) represent the average tracking accuracy, 
and dashed lines in (B) represent the worst case condition.  The cross-hatched region 
indicates the MR signal-free zone of the lumenless device. 
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 Experimental results are summarized in Table 3.6-2.  The micro-transmit tracking 
method combined with the conventional maximum pixel method showed a decrease in the mean 
positional error of 0.69 mm relative to body coil transmit, and a 1.35 mm improvement in the 
worst case orientation.  The centroid pixel method used in conjunction with body coil transmit 
offered a reduction in the mean positional error of 0.53 mm relative to the maximum pixel 
method, and a 0.89 mm improvement in the worst case orientation.  Finally, combining the 
centroid pixel method and micro-transmit tracking reduced the mean positional error by 1.49mm 
with respect to the traditional maximum pixel method used with body coil transmit.  This 
combined approach also resulted in a 2.15 mm reduction in positional error in the worst case 
orientation.  For peak detection methods, the t-test for dependent means resulted in a P value of 
less than 0.00001, and thus there is greater than 99.9% confidence that the centroid pixel method 
Figure 3.6-7 MR tracking signals acquired experimentally with Hadamard multiplexing and 
N=5 Phase-field dithering.  (A) body coil transmit with micro-coil receive, (B) micro-coil 
transmit with micro-coil receive.  The platform was 45° rotated left (i.e. Eigenvector 
(0.5,0.5,0) and the micro-coil/bottle was rotated by 230°.  Signal magnitude is plotted as a 
function of position along B0. 
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offered improved MR tracking accuracy over the maximum pixel method.  For the transmit 
modes, the t-test for dependent means resulted in a P value of less than 0.00001, and thus there is 
greater than 99.9% confidence that micro-transmit tracking offered improved MR tracking 
accuracy over body coil transmit.  The positional jitter, (i.e. the mean of the Root Mean Square 
Error at each orientation), was 0.90 mm for body coil transmit/maximum pixel, 0.49 mm for 
body coil transmit/centroid pixel, 0.75 mm for micro-transmit tracking/maximum pixel, and 0.34 
mm for micro-transmit tracking/centroid pixel.  No significant dependence between MR tracking 
accuracy/precision and micro-coil orientation was observed experimentally.  Also, no 
appreciable cross-coil coupling between the body coil and the non-tuned and non-matched 
micro-coil was observed during body coil transmit. 
 
 
 
  Body-coil transmit/micro-coil receive 
Micro-coil transmit/receive  
(Micro-transmit tracking) 
  Maximum pixel Centroid pixel Maximum pixel Centroid pixel 
Mean Error (n= 5,329) 1.72 mm ± 0.70 0.54 mm ± 0.06 1.57 mm ± 0.70 0.31 mm ± 0.12 
Worst Case Error 3.51 mm 1.34 mm 3.43 mm 1.00 mm 
Mean improvement 
relative to Maximum 
Pixel method with Body 
coil transmit 
--- 1.18 mm 0.15 mm 1.41 mm 
Worst case improvement 
Relative to Maximum 
Pixel method with Body 
coil transmit 
--- 2.17 mm 0.08 mm 2.51 mm 
 
 
 
Table 3.6-1 Simulation results. 
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  Body-coil transmit/micro-coil receive 
Micro-coil transmit/receive  
(Micro-transmit tracking) 
  Maximum pixel Centroid pixel  Maximum pixel Centroid pixel 
Mean Error (n= 144) 2.01 mm ± 0.85 1.48 mm ± 0.61 1.32 mm ± 0.58 0.52 mm ± 0.41 
Worst Case Error 4.64 mm 3.75 mm 3.29 mm 2.49 mm 
Mean improvement 
relative to Maximum 
Pixel method with 
Body coil transmit 
--- 0.53 mm 0.69 mm 1.49 mm 
Worst case 
improvement Relative 
to Maximum Pixel 
method with Body coil 
transmit 
--- 0.89 mm 1.35 mm 2.15 mm 
Root Mean Square 
Error (RMSE) 0.90 mm 0.49 mm 0.75 mm 0.34 mm 
 
 
3.6.4 Discussion and Conclusion 
 Active-MR device tracking does not require a line-of-sight between the tracked object 
and the Radiologist performing the procedure, and allows multiple devices to be simultaneously 
tracked within the body.  Active-MR tracking provides rapid three-dimensional device 
localization with low acoustic noise.  The main challenges associated with active-MR tracking 
devices are: (A) positional errors resulting from magnetic susceptibility differences, coil 
orientations, coupling, and phase-cancelation (135, 140), and (B) the potential for RF coupling of 
the device to the transmit coil which can lead to unacceptable device heating (151, 152).  The 
results presented here demonstrate the feasibility and benefits of using micro-transmit tracking as 
well as the centroid pixel method to improve MR tracking accuracy and precision under adverse 
Table 3.6-2 Experimental results. 
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conditions.  Although micro-transmit tracking partially addresses RF heating concerns by 
employing low levels of RF power which are incapable of heating tissue (albeit conventional 
high-power RF pulses are still needed for imaging), RF heating effects were not investigated in 
this study. 
 The experimental results agreed well with the electromagnetic simulation.  As shown in 
Figures 3.6-4A and 3.6-7A, EM simulation and experimentation showed that exciting with the 
body coil resulted in a complex peak with a complicated phase sensitivity profile for an 
arbitrarily oriented micro-coil.  This complex peak can be attributed to the dipole phase 
sensitivity profile of a small coil detecting uniformly excited spins in its immediate 
neighborhood.  As shown in Figures 3.6-4B and 3.6-7B, micro-transmit tracking overcame this 
problem by employing the same phase sensitivity profile for spin excitation and reception.  The 
micro-transmit tracking approach excites only spins in the vicinity of the micro-coil, and thus 
also minimizes signals that might be coupled to the micro-coil from locations beyond the dipole 
excitation field.  The net result is that micro-transmit tracking offers an MR tracking signal 
which is much closer to “ideal” (i.e. a single symmetric peak).  This makes peak detection with 
both methods (maximum pixel and centroid pixel) more robust with a commensurate 
improvement in MR tracking accuracy, even in the absence of MR signal in the internal lumen of 
the micro-coil (Figures 3.6-5 and 3.6-6).  
 
3.6.4.1 MR Tracking Accuracy 
The mean positional error when using all four methods simultaneously (micro-transmit 
tracking, the centroid pixel method, Phase-field dithering, and Hadamard Multiplexing) was 
higher experimentally (0.52 mm) than in the simulation (0.31 mm), but still much smaller than 
the 3.5 mm micro-coil.  We believe that the difference between the simulated and experimental 
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results can be attributed to local magnetic field inhomogeneity caused by minor magnetic 
susceptibility gradients in the phantom.  EM simulation performed a uniform 90 degree flip 
angle for body coil transmit and an ideal scaled and phase-shifted dipole excitation for micro-
transmit tracking.  Simulation also assumed a perfectly uniform signal reception by the micro-
coil.  In reality, nuclear spin excitation and reception are rarely perfectly uniform due to local 
magnetic field inhomogeneities caused by magnetic susceptibility gradients in the vicinity of the 
micro-coil.  In our studies, these factors were not fully captured by the EM simulation. 
MR tracking accuracy of the maximum pixel method was found to depend heavily on the 
micro-coil’s alignment along B0 in EM simulation.  A typical single loop RF coil will have low 
SNR when aligned axially with B0 due to the decrease in magnetic flux through the coil.  This 
results in less efficient MR signal detection and poor quality images.  In MR tracking, however, 
MR signals are used to locate the micro-coil within the magnet bore using peak detection 
methods, and the degradation of tracking accuracy cannot be ascribed to lower SNR alone.  As 
the micro-coil is progressively aligned along B0, its flux density perpendicular to B0 is reduced 
and geometrically averages to zero.  This leads to both a reduction in MR signal power detected 
by the micro-coil and peak splitting similar to that illustrated in Figure 3.6-1.   
The maximum pixel method is more sensitive to the combination of reduced SNR and 
complex peak shape than the centroid pixel method.  Since the maximum pixel algorithm simply 
chooses the location of maximum signal amplitude to determine the position of the micro-coil, 
small signal fluctuations in the local signal maxima caused by noise can make the algorithm 
“hop” between maxima.  The centroid pixel method, on the other hand, is relatively insensitive to 
these signal fluctuations and therefore is largely unaffected by the micro-coil’s alignment within 
the MR scanner (Figure 3.6-5).  Since the centroid pixel method uses the local maximum only as 
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a starting point in computing the “center of mass” of the MR signal, it provides an improved and 
relatively constant tracking accuracy as indicated in Figure 3.6-5.  Experimentally, no systematic 
relationship between the MR tracking accuracy and the micro-coil’s orientation within the 
scanner bore was observed. 
 
3.6.4.2 MR Tracking Precision 
 Using the centroid pixel method to locate MR signal peaks allowed for reduced sampling 
jitter error because it detects the peak in a manner that is insensitive to local maxima which can 
change in the presence of noise.  This reduced sampling jitter (RMSE) from 0.90 mm (body coil 
transmit/maximum pixel) to 0.49 mm (body coil transmit/centroid pixel) experimentally.  Micro-
transmit tracking improved the MR tracking peak shape and thus further reduced sampling jitter 
(RMSE) from 0.90 mm (body coil transmit/centroid pixel) to 0.34 mm (micro-transmit tracking/ 
centroid pixel) experimentally.  The micro-transmit tracking approach improves precision by 
providing a more symmetric tracking peak for the centroid pixel method to use.  Body coil 
RMSE agreed well with a recently published study which assessed MR tracking precision with a 
novel wireless MR tracking system (35). 
 
3.6.4.3 Clinical Applications 
 An example of the potential benefits offered by these methods can be found in MR-
guided electrophysiology (30, 153).  MR-guided electrophysiology procedures employ an 
ablation catheter equipped with a tip electrode and multiple micro-coils for 3-dimensional 
catheter localization.  The ablation catheter is used to ablate problematic electrical pathways in 
the heart which cause diseases such as Atrial Fibrillation and Ventricular Tachycardia.  The 
target ablation area can be as small as 1mm in size, thus necessitating an accurate and precise 
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MR tracking system.  Failure to adequately ablate the target can lead to arrhythmia recurrence, 
and in some cases necessitate the implantation of a cardiac pacemaker.  Irrigated EP catheters are 
typically 2.8 mm in diameter, but have very small (0.3 mm diameter) internal fluid lumens. 
Micro-coils built around such a catheter will experience adverse conditions throughout the entire 
procedure since their largest signal source comes from the surrounding blood or tissue.  Adverse 
conditions can also occur due to changes in the micro-coil orientation within the static magnetic 
field as well as micro-coil orientation with respect to the magnetic field gradients that are used in 
MR tracking pulse sequences. 
 In conclusion, the methods introduced in this paper provide significant improvements in 
the MR signal line shape, peak detection, and hence the accuracy and precision of MR tracking 
in the presence of adverse conditions.  It is important to note that with the strategies employed 
here the average positional error and jitter of the micro-coil was less than the size of the micro-
coil itself.  Although beyond the scope of this paper, micro-transmit tracking offers an additional 
benefit of minimization of RF-induced device heating during tracking due to the reduced RF 
power needed for spin excitation.  Micro-transmit tracking does not, however, eliminate RF 
heating concerns during MR imaging itself. 
 
3.7 Conclusions and Accomplishments 
 The combination of Hadamard multiplexing, Phase-field Dithering, the centroid pixel 
method, and micro-transmit tracking significantly improved MR active tracking accuracy and 
precision in adverse/non-ideal conditions.  These advancements in MR active tracking were an 
essential step in creating a robust MR-guided NJ feeding tube system for neonates.  During 
neonatal placement procedures, adverse conditions will likely be encountered since the feeding 
tube is guided through the nasal cavity, esophagus, and jejunum which can be largely filled with 
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air which has no intrinsic MR signal.  The combination of these MR active tracking methods will 
overcome the sensitivity to adverse/non-deal conditions and provide excellent MR tracking 
accuracy and precision for feeding tube guidance.  High accuracy and precision will be 
particularly important for proper guidance of the tip of the feeding tube (6.28 mm diameter) 
through the (20 mL) average volume stomach (154) to the (9 mm) average pyloric diameter 
(155) in the neonate. 
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Chapter 4: Radiofrequency Induced Device Heating 
during Magnetic Resonance Imaging 
 
4.1 Introduction 
 Active MR tracking of medical devices necessitates the incorporation of conducting 
wires and micro-coils into the device (31, 135, 137, 156, 157).  These conducting structures pose 
a major engineering challenge due to the potential for the creation of standing electromagnetic 
waves on the device.  Standing waves have the ability to create high electric fields at the tip of 
conducting structures which can burn the patient.  Standing waves are generated whenever the 
structure is exposed to strong electric fields and the conducting structure has a length capable of 
supporting the standing wave.  When a conducting structure is placed in the birdcage RF body 
coil in an MRI system it is exposed to an electric field pattern which is strongest near the bore 
wall and decreases linearly towards the center axis of the coil where the field is zero (158).  
While the frequency of the RF excitations used in MR imaging is known with great accuracy, the 
exact wavelength of the RF on a conducting structure can vary due to its surroundings, 
particularly if the structure is in or near a region with a different dielectric constant (e.g. human 
tissue).  Medical devices inserted into the body (e.g. nasojejunal feeding tubes with MR tracking 
coils) have time varying dielectric loading (and hence electrical length) making accurate RF 
wavelength prediction difficult (151, 159-163). 
 
4.2 Theory: RF Heating of Long Conducting Structures during MRI 
 
4.2.1 Principles of RF-induced heating of long conducting structures 
 Electromagnetic RF fields used in MRI can induce standing waves in conductive 
materials inside the body.  In high field MRI, standing waves generated in the conducting tissue 
142 
 
of the body prevent uniform spin excitation and result in image artifacts, but pose minimal safety 
hazards as long as the scanner is operated within required specific absorption rate (SAR) limits.  
When the conducting structure is a biomedical implant or device, however, the potential for 
dangerous amounts of heating exists, even when the scanner is operated with relatively low RF 
power.  This phenomenon occurs when portions of the conductive structure are located in 
different electric fields, and the electrical length of the structure can support the establishment of 
standing electromagnetic waves.  Once a standing wave has been established, electric fields can 
be created at the tips of the structure.  Structures that are relatively narrow and sharp (e.g. the end 
of catheters or guidewires) create divergent electric fields surrounding the tip, which in turn, 
drives current flow in conductive media such as surrounding tissues in the body.  This current 
generates local heating of the biological tissue, which if strong enough, can result in 
physiological changes and tissue damage. 
 The temperature rise of biological tissues (ΔTtissue) due to electric fields created by long 
conducting structures in the MR environment is proportional to the difference between heating 
power (Ph) and cooling power (Pc) where A is a constant of proportionality:  
     ΔTtissue = A(Ph – Pc)                               [4.2-1] 
 Heating power is driven by the electric fields created by the excitation RF pulses used in 
magnetic resonance imaging to tip spins into the transverse plane.  Gradient pulses used to 
spatially locate the spins have been shown to not induce detectable heating in conducting 
structures (161, 164-166).   
 Biomedical devices susceptible to RF heating can be constructed with either single or 
multiple conductors.  A pacemaker lead is an example of a single conductor device that employs 
a return path through biological tissue.  Multi-conductor coaxial cables employed in a device 
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with MR tracking coils are an example of multi-conductor structures.  Common mode currents 
induced on these conducting structures appear with the same phase and amplitude on each of the 
conducting structures.  These common mode currents are typically the source of RF induced 
heating of biological tissue.  Differential mode currents are also possible under normal MR scans 
in multi-conductor structures, if the conductors are connected to an element that can couple with 
the excitation field (e.g. a micro-coil on an MR-guided feeding tube), but are typically not a 
source of heating unless the coupling is strong (e.g. in a surface coil with a failed blocking 
circuit). 
 The mechanisms of cooling in the body include blood flow, perfusion, and diffusion.  
Since, no a priori knowledge of the location of the device can be used if a fully robust solution to 
RF heating is desired, diffusive cooling (which occurs in all tissue) is the only cooling 
mechanism that can be assumed. 
 The heating power (Ph) depends on both the current flowing in the tissue (I) and the 
resistivity of the tissue (R):             
     Ph= I2 * R                  [4.2-2] 
When RF induced heating near a conducting 
structure occurs, the current flowing in the 
tissue is driven by the electric field gradient 
(∆E) created at the tips of the conducting 
structure.  This electric field gradient varies in 
space and depends heavily on the geometry of 
the structure as shown in the electromagnetic 
simulation depicted in Figure 4.2-1. 
Figure 4.2-1 Divergent electric field around the tip of a 
device 
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The electrical flux through a closed surface (ΦΕ) can be described in relation to the 
charge density (Q) and electric constant (ε0) using Gauss's law: 
      ΦΕ= Q / ε0      [4.2-3] 
 In all locations, the electrical field gradient is proportional to the voltage (V) created by 
the standing waves induced on the structure.  Thus, the local heating in tissue near the 
conducting structure is proportional to the square of the voltage (V) divided by the resistivity of 
the tissue (R) where B is a constant of proportionality: 
            Ph = B(V2 / R)      [4.2-4] 
 Therefore, the heating of biological tissue becomes proportional to the electric field 
which is proportional to voltage.  Thus, a higher voltage (determined by the amplitude of the 
standing wave) leads to increased power dissipation into the tissue and consequently increased 
heating. 
 
4.2.2 Factors which Influence RF Induced Device Heating 
 In order to develop a robust RF heating reduction strategy having wide applicability and 
utility, one must consider the physical parameters that define RF induced heating and use them to 
select the boundary conditions for designing and testing the device(s).  These parameters are: the 
conductivity of the structure, the length and geometry of the conducting structure, the location of 
the structure within the body coil, and the dielectric constant of the medium. 
 
4.2.2.1 Device Conductivity  
 Biomedical devices are constructed with many different conductive materials (e.g. 
stainless steel, nitinol, copper etc.).  Although rarely used in medical devices, copper is the most 
conductive of these materials.  Due to this property, the experimental testing of RF heating 
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reduction strategies should be performed with highly conductive copper wires.  These copper 
wires will support the highest voltage standing wave and thus provide worst-case conditions for 
RF induced device heating. 
 
4.2.2.2 Length and Geometry  
 The electrical length of the conducting structure determines whether waves are reflected 
constructively or destructively on the wire.  According to antenna theory (167), the conducting 
structure’s electrical length required for maximum constructive wave reflections (e.g. supporting 
a standing wave) is an integer of the RF half wavelength (λ) (greatest heating): 
(n * λ) / 2   n= 1, 2, 3, ...     [4.2-5] 
 Conversely, odd multiples of RF quarter wavelength (λ) provide greatest destructive 
wave reflections therefore eliminating the conducting structures ability to support a standing 
wave (least heating): 
     (n * λ) / 4   n= 1, 3, 5, ...     [4.2-6] 
 The geometry of the conducting structure in the MR scanner also determines whether a 
standing wave can be induced on the structure.  This phenomenon is a direct result of the electric 
field (e-field) distribution of the scanner’s transmit RF coil.  Most MR scanners employ a 
birdcage coil which has a well-characterized e-field:  field = 0 at the centerline (i.e. the Z axis), 
and increases linearly in the radial direction (Figure 4.2-2).  Thus, a long conductor having 
sections in locations with the largest spread of e-fields (i.e. one part at the Z axis, another at the 
edge of the coil); will be exposed to the strongest possible standing wave driving field. 
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4.2.2.3 Dielectric Constant 
 Another factor influencing RF heating is the dielectric constant (ε).  When an 
electromagnetic wave (incident wave) reaches an impedance discontinuity such as the boundary 
between two different dielectric materials, part of the wave is reflected and part is transmitted.  
The reflection coefficient (г) defines the ratio of the amplitude of the reflected wave to the 
incident wave based on the characteristic impedances (Z) of the two materials (c1 and c2): 
Г =  𝑍𝑍𝑐𝑐2− 𝑍𝑍𝑐𝑐1
𝑍𝑍𝑐𝑐1+ 𝑍𝑍𝑐𝑐2      [4.2-7] 
 
 
Figure 4.2-2 simulated electric field distribution in an 18 cm birdcage RF coil.  The e-field 
distribution is 0 in the center and increases linearly in the radial direction. 
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The characteristic impedance can be described by the ratio of magnetic permeability (µ) and the 
dielectric constant (ε): 
𝑍𝑍𝑐𝑐 =  �µ ε�      [4.2.8] 
An interventional device that is partially inserted into the body will experience three 
boundary conditions (device-air, device-body, and air-body).  For all practical purposes, the 
device-air boundary can be assumed to completely reflect incident electromagnetic waves back 
into the conducting structure of the device as described in section 4.2.2.2.  At the device-body 
interface, however the incident electromagnetic wave will be both partially transmitted into the 
body tissue and partially reflected back into the conducting structure of the device.  These 
reflected electromagnetic waves have the potential to create wave interferences which can lead to 
the establishment of a standing electromagnetic wave on the conducting structure.  Since the 
electrical length between the device boundaries varies during an interventional procedure (i.e. 
insertion of the device into the body which has a different dielectric constant than air effectively 
modulates the electrical length of the device), development of a robust solution to reduce 
standing electromagnetic waves on the device, and thus RF heating, is a complex and difficult 
task. 
 
4.3 Current RF Heating Reduction Strategies in MRI 
Several methods to decrease the induced RF currents (and thus heating) on long 
conducting structures during MRI procedures have been researched and developed.  These 
include: fiber-optic cables (168), common mode transformer cables (169), diodes and tuned 
cable lengths (170), low-pass RF filters (163), high-resistance graphite leads (159), tuned RF 
cable traps (159, 171-173), and billabong leads (159).  These approaches have had mixed 
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success, and their applicability in MR compatible devices depends considerably on the 
application (Table 4.3-1).  Fiber-optic cables do not offer the mechanical stability and rigidity 
provided by metallic structures (168, 169).  Diodes and tuned cable lengths demand precise 
tuning of the conducting structure to the MRI scanner frequency, thus eliminating its efficacy 
when the device is placed in a conducting solution such as the body (170).  Low pass RF filters 
shunt high frequency signals to ground and allow low frequency signals to pass eliminating the 
structures ability to couple with the transmit RF pulses.  This solution, however only works for a 
few biomedical devices which do not use MR signals for device tracking and/or use high 
frequency signals to operate (163).  Graphite leads tend to compromise the performance and 
reliability of many biomedical devices (159).  RF cable traps (aka chokes or baluns) only 
relocate the heating away from the tip of the conductor rather than eliminate it (174).  Lastly, 
billabong leads provide significantly less RF induced heating, however the plethora of looped-
back coil sections and overlapped wires makes their construction and implementation complex 
and challenging in biomedical device design (159). 
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4.4 Standing Wave Dampening 
 
4.4.1 Electrical Length Modulation 
4.4.1.1 Background 
 Dampening strategies have been developed to eliminate unwanted standing waves due to 
resonance.  In mechanical engineering, resonance of suspension bridges and buildings is of 
particular concern for structural stability (175).  In acoustical engineering resonance is desired 
and exploited in the construction of musical instruments (176).  Lastly, in electrical engineering 
resonance is of particular importance for antenna design (177).  Electrical power lines and 
suspension bridge cables utilize a Stockbridge dampener to eliminate unwanted mechanical 
vibrations due to resonance as shown in Figure 4.4-1.  Stockbridge dampeners suppress traveling 
waves on a cable pinned at both ends by providing a moving mass that is tuned to move in anti-
phase with the reflections of traveling waves.  Hence, these vibration dampeners are placed at 
Table 4.3-1 Requirements for metallic structures in the MR environment and the 
corresponding heat reduction strategies. 
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fixed distances from the vibration node and are designed with a specific mass.  Since the system 
suppresses wave reflections, standing waves (which can be thought of as two traveling waves 
moving in the opposite direction) are also suppressed.  In principle, an analogous approach to 
minimizing electric standing waves on conducting structures in an MR scanner should be 
possible.  In magnetic resonance, however, a fixed fine-tuned dampening circuit for long 
conducting structures is impractical due to the variation of electrical length as the conducting 
structure interacts with the surrounding conducting medium of the body.  Instead a dynamic 
dampening circuit which effectively alters the conducting structure’s length must be used (178). 
 
 
 
 
4.4.1.2 Electromagnetic Simulation of Electrical Length Modulation 
 The electric field (and heating) at the end of a simple wire placed in an MR bore and 
partially exposed to a dielectric medium with human tissue electrical properties was simulated 
with HFSS (Ansys Inc., Burlington, MA).  The effect of varying the length of the wire while 
maintaining the same driving function was then added to the simulation.  The results are shown 
in Figure 4.4-2. 
Figure 4.4-1 Typical Stockbridge dampener used to dampen standing mechanical waves on 
overhead power lines and suspension bridge cables.  The Stockbridge dampener is built with two 
weights attached to a flexible massager cable.  The energy of the vibrating conductor is 
dissipated in the massager cable and standing waves are eliminated.   
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 Figure 4.4-2 suggests that standing waves could be dampened with an add-on circuit that 
dynamically modulates the electrical length of a long conductor in the MR environment.  
Dynamically changing the electrical length of the conductor would reduce the conductor’s ability 
to reach a resonant length regardless of insertion depth in the body.  This method would also 
promote increased destructive wave interferences.  In theory, heating would be reduced and the 
conducting structure could be safely used in the MR environment. 
  
4.4.1.3 Experimental Design: Standing Wave Dampening Circuit 
 Circuit design began by identifying a component which could dynamically alter the 
length of the conducting structure.  At first, various electrical lengths were toggled with solid 
state relays (RSW-2-25P+) which dynamically altered the length of the wire.  This approach was 
abandoned due to the difficulty incorporating these components into a small add-on circuit which 
could be added to the conducting structure of an interventional device.  Instead, programmable 
 
 
Figure 4.4-2 Simulation of a standing wave on a long conducting structure (i.e. a wire) in an 
MRI scanner.  The conducting structure was inserted 14 cm into a dielectric medium 
simulating human tissue.  The graph shows the expected change in peak specific-absorption-
rate (SAR) at the tip of the copper wire at various wire lengths. 
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Figure 4.4-3 Photograph of the breadboard circuit for dynamic length changes.  The 
components include A) microcontroller, B) display LEDs, C) optical isolators, and D) Two 
programmable delay lines. 
analog delay lines (PADL-1-x) made by Engineered Components Company (Paso Robles, CA) 
were identified and used.  These programmable delay lines could provide a delay up to 36 
nanoseconds. 
 Circuit construction began with standard breadboard components.  In the breadboard 
circuit, two programmable delay lines were employed which allowed for a maximum delay of 20 
nanoseconds with a resolution of 0.5 nanoseconds (Figure 4.4-3).  This corresponded to 30 
discrete phase shifts at 63.8 MHz.  In other words, when a 0 degree phase shift is selected, no 
length is added to the device.  When a 360 degree phase shift is applied, the electrical length of 
the device is increased by a full wavelength.  Since the circuit can provide delay increments of 
0.5 nanoseconds, phase shift increments are approximately 11 degrees.  Phase shift selection was 
controlled by a programmable microcontroller (dsPIC30F3012).  Custom C-code based 
microcontroller source code was developed in MPlab (Microchip Technology Inc., Chandler, 
AZ) to vary the phase shifts linearly in 11 degree increments.  A block diagram of the circuit is 
shown in Figure 4.4-4. 
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 With the breadboard circuit, the expected ability to control the length of the conducting 
structure was confirmed.  With a simple frequency source, a 63 MHz sine wave was fed into the 
delay line and with differential mode detection using an oscilloscope (Tektronix 2445B) it was 
verified that the phase of the signal could be manipulated in 11 degree steps with the developed 
microcontroller code.  It was also verified that the circuit could attenuate standing waves 
generated on the bench top by using the oscilloscope in a common mode. 
 Standing wave dampening was also verified using a network analyzer in S12 mode.  Test 
leads were attached to the input and output of the delay lines and attached to the network 
analyzer.  The microcontroller was used to slowly step through the phase shifts.  A peak on the 
network analyzer corresponding to a ¼ λ was observed to change frequency as the length of the 
delay line was varied. 
Figure 4.4-4 Block diagram of the breadboard circuit.  In this circuit, the optical isolators are 
used to isolate the delay lines from the microcontroller.  A bank of LEDs is used to indicate 
the status of the programmable delay line. 
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 Since the experimental results agreed well with the expectations from the electromagnetic 
simulation, the breadboard design was translated to a compact circuit board design with an 
isolated power supply (Figure 4.4-5).  The circuit board is 4.5 cm by 4.5 cm and is powered by a 
9 volt battery.  It was designed in PADS (Mentor Graphics, Wilsonville, OR) and built with a 
930s circuit board milling machine (LPKF Laser and Electronics, Tualatin, OR). The on-board 
pin header allowed for reprogramming of the microcontroller to test alternate electrical length 
modulation algorithms. 
 
 
 
4.4.1.4 Experimental Testing of a Novel Electrical Length Modulating Circuit 
 Since the microcontroller has the ability to change the electrical length of the circuit in as 
little as 30 nanoseconds, the electrical length can be adjusted 100 times during the application of 
a single RF pulse during MR imaging.  The optimal phase shift timing and increments are 
unknown and difficult to predict so two algorithms were developed for experimental testing of 
Figure 4.4-5 Compact circuit designed and programmed to vary the electrical length of a 
conductor using programmable delay lines. 
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the circuit: (1) linear sweeps of analog delays (A3.1), and (2) random analog delay changes 
(A3.2). 
 A 234.5 cm (1/2 λ in air at 1.5 T) 14 AWG copper magnet wire (e.g. a long conducting 
structure) with a sharp tip to concentrate electric fields was taped to the top of the 18 cm body 
coil (i.e. area of highest e-field).  The wire was turned perpendicularly and advanced to the 
isocenter of the scanner (i.e. e-field=0).  This wire orientation promotes the maximum 
establishment of standing waves (179).  The wire was inserted 3 mm into a 200 ml phantom 
filled with PPA gelled saline with a conductivity of 0.47 S/m.  A fiber optic temperature probe 
(Neoptix, Quebec, Canada) was attached to the tip of the wire and held in place with a small 
sleeve of PTFE heat shrink.  The novel dampening circuit was then clipped to the other end of 
the copper wire.  A reference temperature probe was placed away from the wire in the phantom.  
RF heating was assessed according to the Standard Test Method for Measurement of Radio 
Frequency Induced Heating On or Near Passive Implants During Magnetic Resonance Imaging 
(179).  Temperature measurements were recorded every 0.2 seconds for 20 minutes of high 
powered imaging (TR: 425 ms, TE: 14 ms, echo train length: 4, plane: Axial, flip angle: 90 deg, 
BW: 16 kHz, field-of-view: 21 cm, matrix: 256 X 256, slice thickness: 10 mm, total slices: 20, 
and transmitter gain: 200).  This experiment was performed three times (without the circuit 
attached, circuit attached with linear electrical length sweeps, and circuit attached with random 
electrical length sweeps) to assess the capability of the circuit to dampen standing waves on the 
long copper wire. 
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As shown in Figure 4.4-6, the electrical length modulation circuit had a large effect on 
RF heating.  The linear sweep of electrical lengths resulted in a 4°C increase in maximum 
temperature at the tip of the wire.  The random electrical length modulation resulted in a 6°C 
increase in maximum temperature at the tip of the wire.  It is likely that optimization of the 
length modulation algorithms could decrease RF heating of the wire, instead of increasing it as 
shown here.  Future studies will implement an electric current sensor (180, 181) to provide 
feedback to the microcontroller in order to identify optimized algorithms to dampen the standing 
waves on the long copper wire. 
 
Figure 4.4-6 Heating of a copper wire exposed to high RF power during imaging with a neonatal 
MRI scanner.  The electrical length modulation circuit is shown to increase heating at the tip of 
the wire.  Vertical lines indicate the start (green) and stop (red) of imaging.  Δ Temperature is 
defined as the difference between the measured temperature at the tip of the wire and the 
measured phantom reference temperature. 
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4.4.2 Dielectric Bands 
4.4.2.1 Background 
 While the frequency of the RF used in MR imaging is known with great accuracy (e.g. 
63.886 MHz for a typical 1.5 T magnet), the exact wavelength of the RF on a long conducting 
structure can vary due to its surroundings, particularly if the structure is in or near a region with a 
different dielectric constant (e.g. human tissue).  The wavelength (λ) in the dielectric medium 
can be calculated from the frequency, f, and the speed of wave propagation (c): 
In a vacuum:     c = f * λ                 [4.4-1] 
 In a dielectric medium the propagation speed changes due to the dielectric constant (ε) 
and magnetic permeability (µ), and: 
                    ceff = c / sqrt(εµ)             [4.4-2] 
 For a given physical length of conductor, the reduced propagation speed, ceff, shortens 
the wavelength, λeff: 
           λeff  = λ / sqrt(ε)                 [4.4-3] 
  Therefore, local wavelength changes would occur if the conducting structure (e.g. 
interventional device) was surrounded with different dielectric materials along the length of the 
device.  Each local change in wavelength provides an impedance interface that can cause internal 
reflections.  With multiple internal reflections, the structure’s ability to support a standing wave 
and thus device heating will be reduced.  
 
4.4.2.2 Electromagnetic Simulation of Dielectric Effects on Conducting Structures 
 Electromagnetic simulation was performed on the effects of inserting a conducting 
structure into a tissue mimicking phantom in the MR environment.  First, an electromagnetic 
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model of the standard 18 cm birdcage RF coil of the neonatal scanner was built with HFSS 
(Ansys Inc., Burlington, MA).  A rectangular human tissue mimicking phantom (18 cm X 16 cm 
X 3 cm) was placed in the magnet bore.  A 1 mm diameter 25 cm long copper wire was inserted 
1 cm at a time into the phantom and the SAR at the tip of the wire was recorded (Figure 4.4-7). 
 
 
 
 
 A strong correlation was seen between phantom insertion depth and the peak SAR at the 
tip of the wire.  A maximum SAR of 18.01 W/kg occurred at a phantom insertion depth of 14 
cm.  At this worst case wire insertion depth, four 10 mm length and 4 mm diameter bands of 
Teflon heat shrink (ε= 2.1) spaced 20 mm apart on the portion of the wire inserted into the 
phantom were shown to reduce peak SAR at the tip of the wire to 1.87 W/kg.  The location of 
maximum SAR was no longer at the tip of the device, and was in turn spread along the length of 
the device with some local concentration around the heat shrink as shown in Figure 4.4-8. 
Figure 4.4-7 Electromagnetic simulation of dielectric effects on long conducting structures in 
the MRI environment.  A 18 cm birdcage RF body coil with copper wire inserted in a 
rectangular phantom.  Highest SAR is produced at the tip of the wire as indicated by the cover 
overlay.  B graph of the change in peak SAR at the tip of the wire relative to phantom insertion 
depth. 
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Figure 4.4-8 Electromagnetic simulation of dielectric effects on long conducting structures in the 
MRI environment.  The copper wire was 14 cm inserted into the phantom.  Four bands of 10 mm 
length and 4 mm diameter Teflon heat shrink evenly spaced at 20 mm increments on the wire was 
shown to reduce peak SAR by a factor of 9.6. 
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If thermal diffusivity is ignored, SAR is directly related to the rate of temperature 
increase in human tissue by: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
=  𝑆𝑆𝑆𝑆𝑆𝑆
𝑐𝑐𝑠𝑠
     [4.4-4] 
 Where T is the temperature, t is time, and cs is the specific heat capacity of the dielectric 
material.  Therefore, an interventional device designed to include bands of low dielectric 
materials along the length of the device could theoretically provide a significant reduction in RF 
heating capacity in the MR environment. 
 
4.5 Conclusions and Accomplishments 
 The concept of radiofrequency heating of long conducting structures in the MR 
environment was analyzed.  Two novel methods designed to dampen standing waves and thus 
reduce RF heating of long conducting structures were introduced (e.g. electrical length 
modulation and dielectric bands).  First, the novel electrical length modulation circuit caused an 
increase in maximum heating at the tip of the conduction structure.  While this was not the 
desired result, it did show that the modulation circuit had the ability to change the electrical 
length of the device.  Future studies will implement a feedback sensor which will measure the 
current on the long conducting wire.  This feedback sensor will be used to drive the length 
modulation algorithm in an attempt to decrease instead of increase RF heating of the wire.  
Second, electromagnetic simulation revealed a strong relationship between the conducting 
structure’s insertion depth and peak SAR at the tip of the structure.  Evenly spaced bands of heat 
shrink on the inserted portion of the wire were shown to decrease overall SAR and thus heating 
by a factor of 9.6.  Experimental validation is needed to fully assess the potential benefits offered 
by the bands of low dielectric material.  
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Chapter 5: MR-guided Nasojejunal Feeding Tube 
Design 
 
5.1 Introduction 
 Many pre-term babies do not have the ability to ingest the proper amount of nutrients.  
These preterm infants often require placement of an enteral feeding tube to deliver nutrition to 
the stomach (nasogastric) or intestine (nasojejunal) to maintain proper growth and development.  
Typically, feeding tubes are placed via blind-bedside insertion by the nursing staff.  After 
placement, a chest X-ray is used to confirm correct feeding tube placement.  Blind placements 
are frequently not successful and the baby is then sent to radiology for a fluoroscopically guided 
placement of the feeding tube.  The success of all placement procedures relies on a carefully 
designed feeding tube which can be easily steered through gastrointestinal tract of the baby to the 
desired location. 
 
5.2 Commercial Feeding Tube Designs 
5.2.1 Neonatal Feeding Tube 
 Neonatal feeding tubes are typically constructed from medical grade polyurethane, PVC, 
or silicone.  The tubes are 21 inches (nasogastric) or 36 inches (nasojejunal) in length and are 6 
French in diameter.  Centimeter markings are printed along the length of the tube to aid in proper 
placement and to assess tube migration in the gastrointestinal tract (Figure 5.2-1 #3).  Some 
tubes also contain radiopaque stripes which aid in device visualization during X-ray procedures.   
 One end of the feeding tube is connected to a special tip to prevent clogs during enteral 
feeding (Figure 5.2-1 #4).  Some feeding tube tips also contain tungsten weights which can aid in 
proper tube placement.  The other end of the feeding tube is connected to a two port hub.   The 
two port hub is often taped to the cheek of the baby.  The feeding port (Figure 5.2-1 #1) is used 
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to deliver enteral nutrition to the patient and is typically connected to a specially designed enteral 
feeding pump.  Due to recent accidents involving intravenous medication administration into the 
feeding tube, this port has been redesigned to prevent a direct connection to standard Luer lock 
or Luer slip fittings typically used for intravenous injection tubes (182-184).  The side port 
(Figure 5.2-1 #2) of the hub is used for irrigation, aspiration, or to administer oral medication to 
the patient.  The side port is often capped when not in use. 
 
 
 
 
 
Figure 5.2-1 Conventional neonatal feeding tube model 20-1366 (Corpak Medsystems, 
Buffalo Grove, IL).  1: Feeding port used for administering enteral nutrition.  2: Side port 
used for irrigation, aspiration, and oral medication.  3: Centimeter markings along the 
length of tube.  4: Anti-clog tip. 
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5.2.2 Electromagnetic Tracking System 
 The conventional feeding tube design has been modified by the manufacturer to 
implement an improved method for blind bedside placement (185-188).  This new method 
utilizes a small electromagnetic transmitter coil attached to the tip of a long metal stylet which is 
inserted through the lumen of the feeding tube (Figure 5.2-2A).  A receiver unit is placed at the 
xiphoid process (Figure 5.2-2B) and attached to a computer monitor (Figure 5.2-2C).  An RF 
pulse is transmitted through the stylet to the transmitter coil which generates an electromagnetic 
field.  The magnetic flux through the receiver unit’s pickup coils generates a signal which can be 
used to calculate the distance between the transmitter and the receiver unit.  The location of the 
transmitter is then displayed on the computer monitor against a black background.  The nurse 
who is inserting the tube typically watches for a characteristic “J” like trace to identify proper 
tube placement.  This technique provides a real-time response to the nurse and can sometimes 
help to identify tube insertions which do not follow the expected path (e.g. into the lungs).  Once 
the tube is in place, the stylet is removed and the standard feeding tube is left in place. While this 
technique is an improvement over conventional blind bedside placements, metallic structures in 
the room often compromise accurate tracking (185).  Also, this technique does not provide the 
ability to visualize the anatomy surrounding the device which can make tube placement difficult 
(186-190).  Moreover, this technique still requires an abdominal X-ray (i.e. ionizing radiation) to 
confirm the final position of the feeding tube. 
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5.3 MR-guidable Nasojejunal Feeding Tube Design 
5.3.1 Design Overview 
 Each type of feeding tube placement procedure has benefits as well as limitations.  Blind 
bedside placement can be performed by the nurse without moving the neonate, but it can be 
difficult to repeatedly perform correctly.  The electromagnetic stylet approach can also be 
performed at the bedside by the nurse and offers improved feeding tube tracking, but the 
technique does not provide anatomical images of the surrounding tissue and often suffers from 
position inaccuracies.  Lastly, fluoroscopically guided placements allow for easy feeding tube 
tracking in relation to bony anatomical landmarks, but it offers no soft tissue contrast and 
requires ionizing radiation.  An active MR-guidable feeding tube procedure has the potential to 
Figure 5.2-2 Electromagnetic feeding tube tracking system.  A) Feeding tube with 
transmitting stylet inserted through lumen.  B) Receiver system.  C) Feeding tube 
insertion path visualization monitor.  Images B and C are property of (Corpak 
Medsystems, Buffalo Grove, IL). 
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offer a 0.5 mm tracking accuracy and excellent soft tissue anatomical images without the use of 
ionizing radiation.  Before an MR-guidable feeding tube placement can be performed, however, 
a custom designed feeding tube with solenoid MR tracking coils is needed. 
 Many factors go into the design and construction of an invasive device to be used in the 
MR environment.  Careful consideration should be given to the choice of materials used to 
construct the device.  The materials must be bio-compatible and strong enough to prevent 
breakage during normal use.  The materials must also withstand the rigors of sterilization.  In 
addition, the MR tracking device must be compatible with MR imaging and have the appropriate 
characteristics required for MR tracking. 
 
5.3.2 MRI Compatibility 
 Design and construction of invasive devices to be used in the MRI environment requires 
strict attention to material choices.  Typically, metallic materials should be avoided whenever 
possible.  Metallic materials can cause a number of complications when used in the MRI 
environment: ferromagnetic attraction, magnetic susceptibility image artifacts, and the potential 
for dangerous RF induced heating of body tissue. 
  Devices constructed from ferromagnetic materials are generally considered to not be safe 
for use in the MRI environment.  Ferromagnetic materials exhibit a strong attraction to the static 
magnetic field of the MR imaging system.  This attraction occurs with a force that is proportional 
to the amount of ferromagnetic material, and the product of the field and the spatial field 
gradient.  In practice, even a small amount of ferromagnetic material can result in serious injuries 
to the patient or staff (191).  Therefore, ferromagnetic materials should never be used in an 
interventional MRI device. 
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 Metallic materials used in interventional devices will have magnetic susceptibilities 
which are different from that of human tissue.  The magnetic susceptibility differences often 
create large signal voids in acquired MR images (152).  These signal voids can mask nearby 
tissue and make tracking of the device difficult.  This effect is exacerbated at higher magnetic 
field strengths and with longer echo times, particularly for gradient recalled echoes. 
 Lastly, metallic structures have the ability to couple with the RF transmit field of the MRI 
system to produce dangerous amounts of heating as outlined in chapter 4.  This phenomenon 
typically occurs when a loop is formed or the metallic structure is long enough to support the 
creation of standing electromagnetic waves (162, 163, 165, 171).   Therefore, interventional MRI 
devices should avoid the use of metal whenever possible.  Unfortunately, the complete avoidance 
of metallic structures in interventional MRI devices is often impractical since metals provide 
unparalleled structural strength/stability and often provide a necessary signal pathway for MR 
tracking signals. 
 
5.3.3 MR Tracking Capability 
 In addition to all of the characteristics that make a device suitable for use in an MR 
scanner, an MR tracking device has several which are unique.  The MR tracking device must 
propagate a RF signal from one or more tracking coils to the MRI system.  Therefore, the device 
must contain some electrically conductive wires.  In most interventional MR devices these 
signals are carried through non-ferromagnetic coaxial wires which have little magnetic 
susceptibility-induced artifacts. 
 Another important consideration in the construction of an MR tracking device is the 
sensitivity of the tracking coils.  Ideally, all MR tracking coils would be tuned to the Larmor 
frequency and impedance matched to the preamplifier.  Tuning and matching results in higher 
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SNR, but typically requires capacitors and inductors added to tracking coil.  Unfortunately, due 
to the size of many interventional devices these components are difficult to incorporate.  
Nevertheless, simple coils without these components can have sufficient sensitivity and adequate 
SNR for robust MR tracking. 
 Since MR tracking necessitates the detection of MR signals in the local neighborhood of 
the coil, the MR signal source must be considered during device design.  Some MR tracking 
devices have an inner lumen which can be filled with fluid to provide an MR signal source for 
the MR tracking coils (i.e. catheters).  Other MR tracking devices do not contain a lumen (i.e. 
endoscopes) and thus rely on surrounding fluids or tissues as the MR signal source.  If a robust 
and accurate MR tracking system is desired, each device mounted tracking coil must be 
optimized for maximum MR signal pickup. 
 
5.4 Device Designs 
5.4.1 MR-guidable Guidewire 
5.4.1.1 Overview 
 Some feeding tube placement procedures use a guidewire to help steer the feeding tube to 
the correct location within the body.  The guidewire is inserted through the lumen of the feeding 
tube and often sticks out the anti-clog tip.  The guidewire is typically made from PTFE coated 
stainless steel and it serves to stiffen the feeding tube to aid in proper placement.  The guidewire 
helps to navigate tight turns such as those experienced in the stomach and intestine of the patient.  
Unfortunately, these guidewires are not compatible with MRI since they are made from 
ferromagnetic materials, do not contain MR tracking coils, and have the potential to produce 
dangerous amounts of RF heating in the MR environment. 
 The initial approach to designing an MR-guidable feeding tube focused on building an 
MR-compatible guidewire with integrated solenoid tracking coils.  An MR-guidable guidewire 
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would be similar to the electromagnetic stylet approach described in section 5.2.1, but instead of 
transmitting a signal, these coils would detect MR signals during active MR tracking.  The MR 
guidewire would also aid in placement of the feeding tube by stiffening the tube to help navigate 
tight turns.  Additionally, the guidewire would provide device tracking at each solenoid coil 
location.  After tube placement, the MR guidewire could be removed leaving an unmodified 
conventional neonatal feeding tube. 
 
5.4.1.2 Guidewire Design 
 Development of an MR-guidable guidewire was a difficult task.  The inner diameter of a 
neonatal feeding tube lumen is only 0.055 inches.  An MR-guidable guidewire required a non-
metallic rod thin enough to fit in the lumen of the feeding tube, and with enough room to mount 
a solenoid tracking coil attached to a micro-coaxial wire spanning the length of the rod.  Many 
materials were considered for the guidewire (i.e. ceramic, carbon fiber, and fiberglass).  Ceramic 
was very brittle, did not bend, and broke easily.  Carbon fiber was too rigid and electrically 
conductive.  Fiberglass, on the other hand, was strong, provided a bending radius similar to the 
metal stylet, and was not electrically conductive.  Due to its mechanical and electrical properties 
a 0.031 inch diameter 4 ft. fiberglass rod was chosen for the MR guidewire.  This size allowed 
for the solenoid coil and micro-coaxial wire to occupy the remaining 0.024 inches of the feeding 
tube lumen. 
 Due to size restrictions, a very small coaxial wire (46 AWG) was used to create a 
solenoid tracking coil near the tip of the rod.  Building these coils required wrapping the inner 
conductor around the 0.031 inch rod 15 times.  Each winding was butted up against the next and 
glued in place.  The end of the wire was then soldered to the shield of the coaxial wire.  Next, the 
coaxial wire was wrapped in a spiral along the length of the fiberglass rod.  A custom hub was 
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built from Lexan and a micro-mini MCX connector was attached to the coaxial wire and 
mounted inside the hub (Figure 5.4-1).  This connector served to attach the tracking coil to the 
MR system for active MR tracking.  Lastly, a 0.00025 inch thick polyester heat shrink tube 
(Vention Medical 103-0460) was slid over the fiberglass rod and shrunk to hold the coaxial wire 
tight against the fiberglass rod. 
 
 
5.4.1.3 Complications 
 Several complications arose during the construction of the MR-guidable guidewire.  It 
was difficult to construct the coil small enough to fit down the lumen of the feeding tube.  
Building such a coil required slight sanding of the rod before constructing the coil.  Also, the 
solder joint between the inner conductor and the shield of the coaxial wire had to be flat to 
prevent a catch point when inserting the guidewire into the feeding tube. 
 Once the guidewire was built, it was successfully inserted through the lumen of an 
unmodified NJ feeding tube.  After insertion, the tracking coil was verified to track accurately on 
the neonatal MRI scanner.  Unfortunately, after repeated insertions of the guidewire into the 
feeding tube and bending, the fiberglass rod would tend to weaken and break as shown in Figure 
5.4-1.  In total, ten MR guidable guidewires were constructed and all ten suffered from breaks in 
the fiberglass rod.  Since no other material choice was apparent except for metal, the MR-
guidable guidewire approach was abandoned for an MR tracked feeding tube design. 
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5.4.2 MR-guidable Nasojejunal Feeding Tube 
5.4.2.1 Overview 
 Active MR tracking of interventional devices requires small tracking coils mounted on 
the device.  These coils act as point-source detectors, and in the presence of a magnetic field 
gradient the 3D position of the coil can be determined.  The mounting locations of the tracking 
coils should be given careful consideration since the rest of the device is not visible during MR 
tracking.  A nasojejunal feeding tube insertion requires navigation of the tip of the tube through 
the esophagus, into the stomach, through the pylorus, through the duodenum, and to the jejunum.  
Since the tip of the feeding tube ultimately determines the tube steering direction, tracking coils 
should be mounted near the tip of the tube.  MR tracking coils also require small coaxial wires 
with connectors to attach each coil to the MR system.  A robust MR-guidable feeding tube 
design requires adding these tracking coils, coaxial wires, and connectors without compromising 
Figure 5.4-1 Custom designed active MR-guidable guidewire.  The guidewire was made 
from G10 fiberglass.  A small tracking coil was built on one end and a 46 AWG coaxial wire 
attached the coil to a hub mounted micro-mini MCX connector. 
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maneuverability of the feeding tube through the gastrointestinal tract of the body.  In this study, a 
total of 20 MR guidable feeding tubes were built during the design revision process.  This 
culminated in a final design and the 5 functional prototypes described below. 
 
5.4.2.2 Feeding Tube Development 
   The MR-guidable feeding tube design began with electromagnetic simulation of 
solenoid tracking coils with an inner diameter equal to the outside diameter of a standard 
neonatal feeding tube (0.066 inches).  Electromagnetic simulation was performed with HFSS 
(Ansys Inc., Burlington, MA) to identify the optimal number of turns for the solenoid tracking 
coils.  Simulated micro-transmit tracking identified an 18 turn micro-coil to provide the optimal 
MR tracking peak shape and highest SNR. 
 Physical construction of the MR-guidable feeding tube involved stripping a 42 AWG 
coaxial wire (Temp-flex 50MCX-37) and wrapping the inner conductor around a standard 
neonatal nasojejunal feeding tube (20-1366 Corpak Medsystems, Buffalo Grove, IL) to create an 
18 turn micro-coil.  Each winding was butted up against the next and glued in place with Loctite 
4014 (ISO-10993 biological tested for medical device use).  The center conductor was then 
soldered to the shield of the coaxial cable (Figure 5.4-2 #1).  The entire coil was coated in glue to 
provide structural strength.  This process was performed three times to build three solenoid 
tracking coils onto the feeding tube (Figure 5.4-2 #2).  Each coil had an independent micro-
coaxial cable which was spirally wound around the feeding tube until it reached the hub of the 
feeding tube (Figure 5.4-2 #3). 
 A hub extension was then designed and manufactured out of Lexan.  A center hole was 
drilled though a circular piece of Lexan (1.18 inch length and 0.50 inch diameter) to create a hub 
extension which could slide over the feeding tube and mate with the existing two port feeding 
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tube hub (Figure 5.4-2 #4).  A flat plane and channel were milled into the hub extension to 
accommodate three circuit board mounted micro-mini MCX connectors (Figure 5.4-2 #5).  The 
coaxial wires which were attached to the tracking coils were soldered to each of the three 
connectors and the hub extension was glued to the feeding tube hub.  Lastly, medical grade 
polyester heat shrink (Vention Medical 103-0043) with a thickness of 0.00025 inches was slid 
over the entire feeding tube and shrunk to hold the coaxial wires tight against the feeding tube. 
 In order to investigate the optimal number of coil turns experimentally, five prototypes 
were built with the above design (prototype 1: 18 turn coils prototype 2: 21 turn coils 
prototype 3: 15 turn coils prototype 4: 17 turn coils prototype 5: 19 turn coils).  Micro-
transmit tracking was performed with each of the five prototypes in a phantom.  All prototypes 
tracked well and provided tracking signals with excellent peak shapes and high SNR.  Prototype 
3 (15 turns) provided marginally improved peak shape and SNR regardless of the device 
orientation.  This experimental finding contradicted the electromagnetic simulation.  Since the 
coils were not tuned or matched, it is possible that the 15 turn coil provided a more ideal 
impedance match to the preamplifier which was not captured in the electromagnetic simulation. 
 
5.4.2.3 Complications 
 MR-guidable nasojejunal feeding tube design had several complications during the 
design process.  Construction of the solenoid coils often compromised the feeding tube lumen.  
This would occur due to melting of the tube during coil soldering or wrapping the coil too tight 
which caused pinching of the feeding tube lumen.  Melting of the feeding tube was overcome by 
using a small piece of heat resistant Kapton tape under the solder joint of each coil.  Tube 
pinching caused by tight coil windings was avoided by placing a hard plastic rod inside the 
lumen of the feeding tube during coil construction. 
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 Complications were also encountered during the hub extension design.  In the original 
hub extension design the coaxial wires shared the same channel as the feeding tube.  This design 
caused pinching of the feeding tube which was sufficient enough to cause tube occlusion inside 
the hub extension.  The tube extension was redesigned to provide a separate channel for the 
micro-coaxial wires which overcame the problem. 
 Affixing the micro-coaxial wires to the feeding tube was also a difficult task.  It was 
necessary to affix the wires to the tube without compromising the overall flexibility and feel of 
the feeding tube.  Too much stiffening of the feeding tube would make navigating tight turns in 
the body difficult.  Through trial and error an optimal heat shrink (ultra-thin polyester) was 
identified and used for the design.  This heat shrink is medical grade and only marginally 
affected the tube stiffness.   
 
 
 
 
Figure 5.4-2 Custom designed active MR-guidable feeding tube.  1) Solder joint of the 
feeding tube mounted solenoid tracking coil.  2) Three feeding tube mounted solenoid 
tracking coils.  3) Three micro-coaxial wires spirally wrapped around the feeding tube.   
4) Hub extension.  5) Micro-mini MCX connectors. 
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5.4.3 Four Channel Power Splitter and Passive Transmit/Receive Switch 
 A novel MR tracking method, micro-transmit tracking, was introduced in chapter 3 and 
shown to improve MR tracking accuracy and precision.  Experimental validation of this method 
in section 3.6.2.4 required a single passive transmit/receive switch and a single coaxial wire 
attached to a 2 watt amplifier (ZHL-1-2W, Minicircuits, Brooklyn, NY).  Since the developed 
MR-guidable feeding tube had 3 tracking coils and the guidewire had 1 tracking coil, a higher 
powered amplifier, a power splitter, and multiple passive transmit/receive switches were required 
to track all four solenoid coils simultaneously with the micro-transmit tracking method. 
 The 2 watt amplifier (ZHL-1-2W, Minicircuits, Brooklyn, NY) inside the transmit switch 
was replaced with a 20 watt amplifier (ZHL-20W-13+) which was generously donated by 
Minicircuits (Brooklyn, NY).  An attenuator was placed on the input to the amplifier to allow for 
control of the total output power of the amplifier.  This amplifier was then attached to a power 
splitting circuit designed in PADS (Mentor Graphics, Wilsonville, OR) and built with an LPKF 
930s circuit board milling machine (LPKF Laser and Electronics, Tualatin, OR).  This circuit 
evenly split power from the 20 watt amplifier to 4 tracking channels (3 for the feeding tube and 1 
for the guidewire).   
 Four quarter wavelength (1/4 λ) at 63.8 MHz transmission lines were tuned on the 
network analyzer (HP 8751A) and placed between the preamp and the transmit port of each RF 
power line.  Due to electromagnetic wave reflection properties, the quarter wavelength 
transmission line made the preamp appear as open circuit during transmission of the RF 
excitation pulses.  This served to protect the preamplifier from high powered pulses used for MR 
spin excitation.  A single pair of crossed diodes was placed from the center conductor to ground 
directly in front of the preamplifier to ground stray high-power RF signals before they reached 
the preamplifier.  Two pairs of crossed diodes were also placed in series on the RF power lines to 
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help squelch amplifier noise during MR signal reception.  During MR signal reception, the cross 
diodes of the RF power line are not biased and the signal is fed directly to the preamplifier and 
then back to the MR system for digitization.   
 Even four-way power splitting was verified with the network analyzer (HP 8751A) 
before attaching the circuit to the 20 watt amplifier (ZHL-20W-13+, Minicircuits, Brooklyn, 
NY).  Next, the four channel power splitter and transmit/receive switch was attached to the MR 
scanner and micro-transmit tracking was performed on all four channels.  After determining the 
optimal RF excitation power (via the attenuator added to the amplifier input) all four tracking 
channels tracked well with high SNR.  A high power 50 ohm load was connected to channel 4 to 
simulate a tracking coil since the guidewire was no longer used. 
 
 
 
 
 
Figure 5.4-3 Four channel power splitter and passive transmit/receive switch for micro-
transmit tracking.   
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5.5 Tracking Accuracy and Safety Testing in Phantoms 
5.5.1 Feeding Tube Tracking Accuracy and Precision 
 After constructing the MR-guidable feeding tubes, several tests were performed to assess 
MR tracking ability, MR tracking accuracy, and the safety of the feeding tube.  The first of these 
tests assessed MR tracking capabilities when the feeding tube was completely surrounded by air.  
The ability to track in these conditions was important for an MR-guidable feeding tube since the 
esophagus and the superior part of the stomach can be filled with air.  The MR signal source in 
these conditions came from water flushed through the tube and any surrounding tissue. 
 To assess MR tracking ability in these conditions the MR-guidable feeding tube was 
flushed with water and inserted into the bore of the neonatal MRI scanner next to a spherical 
phantom filled with CuSO4 doped water (Figure 5.5-1A).  It is important to note that the feeding 
tube was entirely surrounded by air in this position (Figure 5.5-1B).  An MR image was 
acquired, and MR tracking was performed with one of the feeding tube mounted solenoid coils.  
The position determined by MR tracking was overlaid on the acquired MR image and is shown 
in Figure 5.5-1C with a green square.  The MR tracking position of the tracking coil agreed well 
with its physical position within the magnet bore. 
 
Figure 5.5-1 Active MR tracking in the NICU MR scanner.  A) The feeding tube was flushed 
with water and placed into the magnet bore next to a spherical phantom filled with copper 
sulfate (CuSO4).  B) Close-up of the NJ tube inside the bore of the NICU MRI scanner.  Note 
that the NJ tube is completely surrounded by air.  C) Active MR tracking of the feeding tube 
overlaid on the acquired MR image. 
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 Overall feeding tube performance and tracking accuracy was assessed with a phantom 
which simulated the neonatal esophagus, stomach, pylorus, and intestine (Figure 5.5-2).  The 
phantom was built from 0.5 inch CPVC pipes with an inner diameter of 1 cm (the average 
diameter of a neonatal esophagus and intestine) with a variety of pipe fittings.   
 
 
 
 The phantom was placed in the neonatal MRI scanner and a thick (35 mm) coronal slice 
was acquired with a gradient echo pulse sequence (TR: 17 mm, TE: 2.6 ms, FOV: 21 cm, flip 
angle: 25 degrees, averages: 5, matrix: 256 X 256) as shown in Figure 5.5-3.  Micro-transmit 
tracking was started and the feeding tube was guided into the vertical pipe (Figure 5.5.2 green 
arrow), through the T-fitting, and into the first horizontal tube.  Figure 5.5-3 illustrates the 
tracking feedback provided to the user.  Four shapes are overlaid on top of the acquired MR 
image.  The connected shapes each indicate one of the solenoid tracking coils which are mounted 
on the feeding tube.  The standalone yellow circle is a virtual coil which marks the tip of the 
Figure 5.5-2 Neonatal gastrointestinal tract mimicking phantom. 
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feeding tube.  The position of the virtual coil is determined by the known distance between 
tracking coil 1 and the tip of the feeding tube.   
 At a tracking rate of 33 frames per second, the feeding tube was successfully steered 
through the pipe system to reach the end goal.  Occasionally the feeding tube would become 
hung up on the bends.  When this occurred, the feeding tube was retracted slightly and advanced 
again to overcome the bend.  All three coils provided excellent SNR and tracking capabilities 
throughout feeding tube guidance.  Positional jitter was negligible (i.e. high precision).  The 
feeding tube was flexible enough to navigate all bends in the tubes, but also stiff enough to reach 
the end of the tubes without the use of a guidewire. 
 
 
 
 
 
 
 
 
Figure 5.5-3 Acquired MR image of the feeding tube phantom.  The tube was inserted 
through the tube marked by the green arrow and advanced into the first vertical tube.  Each 
feeding tube mounted tracking coil is indicated above.   
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5.5.2 RF Heating Tests of MR-guidable Feeding Tube 
 Long conducting structures such as micro-coaxial wires attached to MR tracking coils 
have been shown to produce RF induced heating near the tip which is typically greatest at 
resonant wire lengths as described in chapter 4.  A phantom study was designed to assess 
potential RF heating of the developed MR-guidable feeding tube.  It was important to verify 
heating below tissue damaging levels during both imaging and micro-transmit tracking before 
testing the feeding tube in animals. 
 RF heating was evaluated according to the American Society for Testing and Materials’ 
(ASTM) Standard Test Method for Measurement of Radio Frequency Induced Heating On or 
Near Passive Implants During Magnetic Resonance Imaging (179).  A phantom was constructed 
by cutting an 18 cm diameter bottle in half and filling it with a PPA gelled saline with a 
conductivity of 0.47 S/m.  Two temperature probes (Neoptix, Quebec, Canada) were attached to 
each of the three feeding tube mounted tracking coils (one to the solder joint and the other to the 
coil windings).  A small ring of black heat shrink was used to hold the temperature probes in 
place during the experiment.  Two reference temperature probes were placed in the phantom 
away from the feeding tube. 
 The feeding tube was placed in the worst-case heating condition: along the edge of the 
bore (highest e-field) and down to the center (e-field=0).  Since this device configuration 
promoted maximum establishment of standing waves (179), it is considered the orientation that 
will cause the greatest degree of RF heating should it occur.  RF heating was evaluated for 20 
minutes of high powered imaging (TR: 425 ms, TE: 14 ms, echo train length: 4, plane: Axial, 
flip angle: 90 deg, BW: 16 kHz, field-of-view: 21 cm, matrix: 256 X 256, slice thickness: 10 
mm, total slices: 20, transmitter gain: 200, SAR= ~4.5 Watts/kg) and 20 minutes of micro-
transmit tracking (flip angle: 20 deg, tracking rate: 33 pts/sec, field-of-view 25, phase-field 
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dithering cycle: 5). Temperature measurements were recorded every 0.5 seconds.  Micro-
transmit tracking was not expected to create appreciable heating due to the small amount of RF 
power required compared to imaging. 
 
 
 
 No significant RF heating of the feeding tube mounted tracking coils was observed 
during imaging (Figure 5.5-5) or tracking (Figure 5.5-6).  Less than 0.1°C temperature change 
was observed for both imaging and micro-transmit tracking.  This is well below the 
physiologically safe limit of 2°C as stated by the ASTM guidelines (179).  RF heating was likely 
not observed due to the small gauge of coaxial wires used to construct the tracking coils (42 
AWG).  These smaller wires have a higher linear resistance and thus have a decreased ability to 
conduct standing electromagnetic waves.  Also, due to the small footprint of the neonatal MRI 
scanner it required significantly less RF transmit power than a conventional MRI system.  Since 
Figure 5.5-4 Experimental evaluation of RF induced heating of the MR feeding tube during 
high powered imaging and micro-transmit tracking. 
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RF heating is directly proportional to RF transmit power, the heating of the feeding tube was 
likely reduced. 
  
Figure 5.5-6 RF heating measurements of MR-guidable nasojejunal feeding tube 
during micro-transmit tracking.  The green vertical line indicated the start tracking 
and the red vertical line indicates the end of tracking. 
Figure 5.5-5 RF heating measurements of the MR-guidable nasojejunal feeding 
tube during MR Imaging.  The green vertical line indicated the start of imaging 
and the red vertical line indicates the end of imaging. 
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5.6 Conclusions and Accomplishments 
 An MR-guidable feeding tube and guidewire were successfully designed and built.  Both 
devices employed solenoid micro-coils for active MR device tracking (feeding tube: 3 tracking 
coils, guidewire: 1 tracking coil).  The MR-guidable guidewire suffered from frequent breaks in 
the fiberglass rod which compromised its ability to be fully tested and used experimentally.  
Conversely, the MR-guidable feeding tube provided excellent MR tracking signals and was 
easily guided through a phantom which emulated the gastrointestinal tract of a neonate.  The 
feeding tube was also shown to heat less than 0.1°C during both MR imaging and micro-transmit 
tracking.  Due to the acceptable performance of the MR-guidable feeding tube in phantoms, an 
animal model was used to test the feasibility of an MR-guidable NJ tube placement.  The pilot 
animal experiments are described in Chapter 6.  
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Chapter 6: MR-guided Placement of Nasojejunal 
Feeding Tubes: Pilot Animal Study 
 
6.1 Introduction 
 The animal study described below served as a pilot study to assess the feasibility of a 
MR-guided nasojejunal feeding tube for neonates.  The developed MR feeding tube was tested in 
a rabbit with conventional X-ray guidance and non-conventional MRI guidance.  
 
6.2 Methods 
 This study was approved by the Institutional Animal Care and Use Committee (IACUC) 
at Cincinnati Children’s Hospital Medical Center (Protocol 2015-0004).  A single rabbit was 
used for both X-ray and MRI guided experiments.  
 
6.2.1 Animal Model Justification and Use 
 Animals were used in the following series of experiments because it was not possible to 
use computer or phantom models alone to investigate the feasibility of a neonatal MR-guided 
nasojejunal feeding tube placement.  Previous studies have demonstrated the ability to place 
feeding tubes in rabbits, therefore it was assumed that a rabbit would provide an adequate model 
for a neonate (192).  
 X-ray and MR imaging studies were performed on a single New Zealand White rabbit.  
The male rabbit was 19 months old and weighed 4.6 kg (the average weight and size of a 
premature baby).  Thirty minutes prior to the procedure, buprenorphine was administered via 
intramuscular injection (0.03 mg/kg) to provide good analgesia and sedation.  The rabbit was 
anesthetized with ketamine or xylazine via intramuscular injection (35/5 mg/kg).  Intubation was 
performed and anesthesia was maintained via intra-tracheal isoflurane in oxygen (2%) 
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administered through the intubation tube.  The rabbit was not ventilated since it was able to 
breath on its own for the entire 6-hour procedure.  At the end of the experiments the rabbit was 
sacrificed via 80-90 mg/kg of a 390 mg/ml pentobarbital solution administered intravenously. 
 
6.2.2 Physiological Monitoring 
 The rabbit was monitored throughout the entire experiment with special attention paid to 
heart rate, blood oxygen saturation, respiration, and body temperature.  In the fluoroscopy suite, 
continuous physiological monitoring was performed with a V9203 animal monitoring system 
(Surgivet, Dublin. OH).  Isoflurane was administered by a Fabius GS Premium (Draeger, 
Telford, PA).  In the neonatal MRI suite, physiological monitoring was performed with an MRI 
compatible pulse oximeter 7500FO (Nonin Medical Inc., Plymouth, Minnesota).  Isoflurane was 
administered by an MR compatible ventilator (L.E.I Medical, San Diego, California), without the 
ventilator function switched on. The rabbit was able to maintain its own body temperature 
throughout the entire 6-hour procedure, thus no heating or cooling of the rabbit was necessary. 
 
6.2.3 MR-guidable Feeding Tube Design 
 An MR-guidable feeding tube was specifically designed for these experiments.  The MR 
tracking feeding tube was equipped with three 3.5 mm long and 3 mm diameter solenoid MR 
tracking coils.  The MR tracking coils are spaced at 9.24 mm and 21.61 mm starting 7 mm from 
the distal tip of the feeding tube (Figure 6.2-1B).  For each of the three tracking coils, the inner 
conductor of a 42 AWG micro-coaxial cable was wrapped 15 times around a standard 6 French 
neonatal nasojejunal feeding tube (20-1366 Corpak Medsystems, Buffalo Grove, IL) to create a 
15 turn solenoid tracking coil.  The end of the inner conductor was soldered to the shield of the 
micro coaxial cable and the coil windings were glued in place with Loctite 4014 (ISO-10993 
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biological tested for medical device use).  Each coil was connected to the proximal end of the 
feeding tube via the 44 AWG micro-coaxial cable.  Three circuit board mounted micro-mini 
MCX connectors were built into a custom designed hub extension which was glued to the 
standard two port hub of the feeding tube (Figure 6.2-1C).  These connectors were used to attach 
the tracking coils to the MRI system.  Lastly, medical grade polyester heat shrink (Vention 
Medical 103-0043) with a thickness of 0.00025 inches was slid over the entire feeding tube and 
shrunk to hold the coaxial wires tight against the feeding tube.  The heat shrink also served to 
protect the micro-coaxial cables from breaking during the procedure. 
 
 
 
 
 
 
 
Figure 6.2-1 MRI-compatible and MR-tracked feeding tube with tracking coils (blue arrows) 
connected with 42 AWG micro-coaxial wire to three micro-mini MCX connectors (orange 
arrows) mounted in a feeding tube extension.  A the MR-guidable feeding tube.  B a close-up of 
the tip of the device with tracking coils.  C a close-up of the hub with hub-extension.  D MR 
tracking signal acquired by one feeding tube mounted coil with and without micro-transmit 
tracking.  
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6.2.4 Interventional X-ray Procedures 
6.2.4.1 Animal Setup 
 X-ray guided placement was performed before MRI guided placement.  The rabbit was 
anesthetized and placed supine and feet first on the patient table of the interventional catheter lab 
(Figure 6.2-2A).  Vitals signs were taken every 5 minutes and included anesthesia setting (2%), 
oxygen setting (1 L/min), temperature (50°C), tidal volume (50 mL/kg), heart rate (100-200 
beats/min), SpO2 (99%), and respirations (16 breaths/min). 
 
6.2.4.2 X-ray Imaging Protocols 
 X-ray images were acquired with a FD20 AlluraClarity™ catheter lab (Philips 
Healthcare, Best, Netherlands) with a 20 cm X 20 cm flat detector mounted on a fully gimbaled 
C-arm.  The X-ray tube voltage was 61-65 KVP with a tube current of 1-2 mA.  High quality X-
ray images were acquired of the neck and abdomen of the rabbit during feeding tube placement.  
Image orientation was controlled by turning the rabbit and/or rotating the C-arm.  Optiray 320 
contrast agent was administered through the feeding tube in the esophagus, stomach, and 
intestine to aid in soft tissue anatomy visualization. 
 
6.2.4.3 X-ray Guided Conventional Nasojejunal Feeding Tube Navigation 
 X-ray guided feeding tube placement began with a standard unmodified neonatal 
nasojejunal feeding tube with stylet model 20-9366AIV2 (Corpak Medsystems, Buffalo Grove, 
IL).  A trained interventional radiologist (who typically performs over 100 feeding tube 
placements in neonates each year at CCHMC) inserted the tube through the mouth of the rabbit 
and down the esophagus into the stomach.  J-Jelly J-109F was used to lubricate the tube during 
insertion.  Manipulations of the tube in the stomach were performed in an attempt to guide the 
feeding tube through the pylorus to the duodenal-jejunal junction.  Optiray 320 was used to 
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provide contrast in the stomach during feeding tube guidance.  Both a stylet (Corpak 
Medsystems, Buffalo Grove, IL) and 0.035 inch diameter 145 cm RoadRunner guidewire (Cook 
Medical, Bloomington, IN) were used several times during the procedure to provide stiffness to 
the tube to navigate tight turns in body.  The guidewire was often extended out the end of the 
feeding tube and guided to the desired location within the body.  The feeding tube was then slid 
over the guidewire to that position.  The conventional feeding tube was eventually removed in 
order to place the novel MR-guidable feeding tube. 
 
6.2.4.4 X-ray Guidance of MR-guidable Feeding Tube 
 After a trial insertion of the conventional feeding tube, a custom MR-guidable 
nasojejunal feeding tube was placed by a trained interventional radiologist under X-ray guidance.  
The MR-guidable feeding tube with integrated tracking coils was placed under X-ray guidance in 
order to assess maneuverability and function of the modified feeding tube.  The MR tracking 
coils were not used during X-ray placement of the feeding tube.  The custom feeding tube was 
inserted through the mouth of the rabbit and down the esophagus into the stomach.  J-Jelly J-
109F was used to lubricate the feeding tube during insertion.  A 0.035 inch diameter 145 cm 
RoadRunner guidewire (Cook Medical, Bloomington, IN) was extended out the tip of the 
feeding tube and navigated to the desired feeding tube location within the rabbit.  The feeding 
tube was then slid over the guidewire to reach that location.  The MR feeding tube was then 
guided through the pyloric sphincter to the distal duodenum of the rabbit.  Partial soft tissue 
contrast was achieved with Optiray 320 contrast agent in the stomach and intestine of the rabbit 
to aid in feeding tube navigation.  A saline solution was also used to help spread the contrast 
agent in the stomach and intestine of the rabbit.  The MR nasojejunal feeding tube was left in 
place at the end of the X-ray procedure. 
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6.2.5 Interventional MRI Procedures 
6.2.5.1 Rabbit Transport and Neonatal MRI Setup 
 After X-ray guided nasojejunal feeding tube insertion, the rabbit was transferred down 
the hall to the research neonatal MRI scanner.  The rabbit was secured inside an MR patient 
cradle which was attached to the MRI patient table.  The MR compatible pulse oximeter leads 
were attached to the foot of the rabbit and anesthesia was re-established through the endotracheal 
tube with the MR compatible incubator.  The MRI patient table was attached to the scanner 
docking assembly and a landmark was established.  The rabbit was advanced into the 18 cm RF 
body coil of the neonatal MRI scanner (Figure 6.2-2B). 
 
6.2.5.2 MR Imaging Protocols 
 MR exams of the neck and abdomen were performed with the GE Medical Systems 
(Waukesha, WI) 430s 1.5 Tesla neonatal MRI scanner.  High quality MR images of the distal 
duodenum (the location of the tip of the feeding tube), the stomach, and the esophagus were 
obtained in all standard imaging planes (axial, sagittal, and coronal) with an 18 cm birdcage RF 
coil.  A standard gradient echo pulse sequence was used to acquire the images (TR: 100 ms, TE: 
3 ms, field-of-view: 21 cm, slice thickness: 8 mm, flip angle: 60 degrees, averages: 4, image 
matrix 160 X 160).  All images were acquired without respiratory or cardiac gating. 
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6.2.5.3 Interventional Device MR Tracking System 
 The experimental active MR tracking suite used for these studies was described 
previously in section 3.4 of this dissertation.  Radiofrequency signals received from the MR 
tracking coils are converted to an x, y and z position by the MR tracking software on the MRI 
scanner computer.  The MR tracking rate used in the present study was 19 frames per second 
(fps), with a flip angle of 20 degrees and a receiver BW of 32 kHz.  The spatial resolution of MR 
tracking in this experiment was 1.3 mm X 1.3 mm X 1.3 mm.  A four channel power splitter and 
transmit/receive switch (described in section 5.4.3) were added to allow micro-transmit tracking 
on all three feeding tube mounted solenoid tracking coils.  The fourth port was terminated with a 
high-power 50 ohm load since it was not needed.  Micro-transmit tracking was used to improve 
MR tracking peak shape (Figure 6.2-1D) and accuracy/precision.  Three colored shapes (square, 
circle, and triangle) were overlaid on the previously acquired anatomical images and displayed 
Figure 6.2-2 Photographs taken during both feeding tube placement procedures.  A X-ray 
guided feeding tube placement in the interventional catheter lab.  B MR-guided feeding tube 
placement in the neonatal research ONI suite. 
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on an in-room MR compatible monitor.  This monitor allowed the radiologist to assess the 
feeding tube position during the entire MR tracking procedure. 
 
6.2.5.4 MR-guidable Feeding Tube Navigation 
 Active MR tracking of the three nasojejunal feeding tube mounted coils was performed 
on the previously acquired MR images.  Separate image windows were displayed on the in-room 
monitor to show MR imaging slices in all three planes during feeding tube manipulations.  The 
location of each tracking coil was displayed in real-time with shapes overlaid on the acquired 2D 
MR images.  The overlaid shapes were connected with a blue line to represent the feeding tube 
which was not visible with MRI.  The tip of the feeding tube was determined using a linear 
extrapolation of the 2 distal tracking coils and the known distance between the tip of the feeding 
tube and the first tracking coil.  First, the feeding tube (previously placed with x-ray guidance) 
was pulled back through the duodenum and partially through the pyloric sphincter with MR 
guidance.  Next, the feeding tube was withdrawn completely through the pylorus and into the 
stomach.  The feeding tube was then manipulated in the stomach in an attempt to again reach the 
pyloric sphincter.  Next, the feeding tube was removed from the rabbit entirely and re-inserted 
through the esophagus and into the stomach.  Each feeding tube manipulation was performed by 
a trained interventional radiologist.  Since standard metallic guidewires can cause image artifacts 
(137, 139, 160) and dangerous RF induced heating (161, 163, 165, 174) in the MR environment, 
a 0.031 inch G10 fiberglass rod was used to aid in steering the MR-guided feeding tube. 
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6.3 Results 
 
6.3.1 X-ray Guided Feeding Tube Navigation 
6.3.1.1 Conventional Neonatal Nasojejunal Feeding Tube Navigation 
 The conventional feeding tube was successfully inserted through the mouth of the rabbit, 
down the esophagus, and into the stomach.  The conventional feeding tube was readily visible 
under X-ray guidance with and without the guidewire in place.  The progress of feeding tube 
placement was easily assessed relative to the bony anatomical structures of the rabbit (Figure 
6.3-1A).  The feeding tube position was only visible when the foot pedal was pressed and the X-
ray was on, therefore tube position was not always visible.  During the procedure, boluses of 
contrast agent administered through the feeding tube provided increased soft tissue contrast near 
the tip of the feeding tube.  Due to stomach distention, manipulation of the feeding tube around 
the stomach to the pyloric sphincter was difficult.  Additionally, the stomach was filled with 
large amounts of liquid, food, and hair which made feeding tube guidance difficult.  A few times 
during the procedure attempts were made to suck stomach content through the feeding tube in an 
attempt to break up roadblocks inhibiting the feeding tube placement progress.  During the 
procedure, the conventional feeding tube tended to coil in the stomach (Figure 6.3-1B).  The 
guidewire and stiffening stylet helped to stiffen the tube which reduced feeding tube coiling and 
helped to navigate through the stomach.  Due to the difficulties encountered during the 
procedure, the pyloric sphincter was never reached and the conventional feeding tube was 
removed.  The entire procedure lasted approximately an hour and ten minutes (20 minutes of X-
ray time). 
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6.3.1.2 X-ray Guided Placement of a Novel MR-guidable Feeding Tube 
 The novel MR-guidable nasojejunal feeding tube with solenoid tracking coils was 
navigated through the esophagus of the rabbit under X-ray guidance.  During insertion, an 
esophageal spasm in the distal portion of the esophagus at first prevented the feeding tube from 
reaching the stomach (Figure 6.3-2A).  A metal guidewire inserted through the feeding tube 
lumen was able to provide enough structural strength to penetrate the constricted esophagus to 
reach the stomach (Figure 6.3-2B).   
 
 
Figure 6.3-1 X-ray images acquired during placement of a conventional neonatal nasojejunal 
feeding tube.  A) Bony anatomical structures of the rabbit are easily seen relative to the 
feeding tube in acquired X-ray images.  X-ray parameters (61.5 KVP, 1.0 mA).  B) The 
conventional feeding tube is shown coiled up in the stomach of the rabbit.  The circular signal 
void near the tip of the feeding tube is created by a bolus injection of contrast agent through 
the feeding tube.  X-ray parameters (62.5 KVP, 1.0 mA). 
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Reaching the pyloric sphincter once in the stomach was difficult due to the same 
complications experienced with the conventional feeding tube placement (thick stomach 
contents, tube coiling, etc.) (Figure 6.3-3A).  Extending the guidewire through the tip of the MR-
guidable feeding tube worked well to navigate the tube through the pylorus and into the 
duodenum (Figure 6.3-3B).    
 
Figure 6.3-2 X-ray images of an esophageal constriction encountered during placement of the novel 
MR feeding tube.  A) Injection of contrast agent clearly shows an esophageal narrowing which 
prevented the feeding tube from reaching the stomach.  The feeding tube is not visible on the image 
due high concentration of contrast agent used to show the narrowing.  X-ray parameters (63.0 KVP, 
1.0 mA) B) A guidewire inserted through the lumen of the feeding tube provided penetration of the 
esophageal constriction into the stomach.  X-ray parameters (63.0 KVP, 2.0 mA). 
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 Eventually, the MR-guidable tube was successfully navigated through the pylorus to the 
distal duodenum by following the path of the guidewire (Figure 6.3-4).  The tube was unable to 
be navigated further to the duodenal-jejunal junction.  The placement of the MR-guidable tube 
took approximately forty minutes (10 minutes of X-ray time).  Since placing the feeding tube 
under X-ray guidance was such a difficult task, the MR-guidable tube was left in place for initial 
MR-guided experiments. 
 
 
 
Figure 6.3-3 X-ray images acquired during placement of the MR feeding tube.  A) The contrast 
agent clearly shows the duodenum relative to the tip of the feeding tube.  X-ray parameters (63.5 
KVP, 2.0 mA).  B) A guidewire inserted through the lumen of the feeding tube was steered 
through the pyloric sphincter into the duodenum.  X-ray parameters (62.3 KVP, 1.0 mA). 
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Figure 6.3-4 X-ray image of the final placement of the MR feeding tube with X-ray guidance.  
The feeding tube is clearly shown looped in the stomach and extended into the distal portion of 
the duodenum.  The large signal voids in the image indicate pooling of the contrast agent in the 
gastrointestinal tract.  X-ray parameters (62.9 KVP, 1.0 mA). 
               
 
6.3.2 MR-Guided Feeding Tube Navigation 
6.3.2.1 Magnetic Resonance Images 
 High quality images were obtained of the duodenum, pylorus, stomach, and esophagus of 
the rabbit.  The lack of respiratory and/or cardiac gating resulted in some motion related artifacts 
in the acquired MR images.  Despite these artifacts, image resolution and contrast was sufficient 
for feeding tube navigation through the gastrointestinal tract of the rabbit.   
 
6.3.2.2 Active MR-guided Feeding Tube Navigation 
 The inherent low acoustic noise of MR tracking with respect to MR image based 
navigation permitted the interventional radiologist to perform the entire procedure with the 
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screen room door open and without hearing protection.  During the procedure, the three feeding 
tube mounted tracking coils were simultaneously tracked at 19 fps throughout the entire MRI 
experiment.  Each tracking coil provided a signal with a high signal-to-noise-ratio (SNR) and 
good peak shapes.  Micro-transmit tracking improved the stability of MR tracking coil 
localization regardless of the feeding tube’s location within the body.  This was especially 
important when the feeding tube was guided through air filled spaces within the rabbit’s 
gastrointestinal tract (esophagus and superior stomach).  The in-room monitor provided the 
interventional radiologist real-time feedback of the feeding tube position relative to soft tissue 
anatomy in all three standard imaging planes (axial, sagittal, and coronal) throughout the 
procedure.   
 
6.3.2.3 Feeding Tube Extraction from the Duodenum to the Stomach 
 Extraction of the MR-guidable feeding tube (previously placed with x-ray guidance) from 
the distal duodenum (Figure 6.3-5A) through the pylorus (Figure 6.3-5B and C) and into the 
stomach (Figure 6.3-5D) of the rabbit was successful.  All three feeding tube mounted tracking 
coils were successfully tracked in real-time during the entire procedure.  Each coil provided an 
MR tracking signal with high SNR and good peak shape.  The tracking coil positions moved in a 
rhythmic fashion which correlated with the rabbit’s respiration.  Feeding tube position relative to 
the soft tissue anatomy was easily assessed by the overlaid shapes on the previously acquired 
MR images.  It is important to note that in (Figure 6.3-5D) the tracking coil closest to the tip of 
the feeding tube (red square) was able to be tracked in the air filled portion of the stomach. 
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Figure 6.3-5 MRI images acquired with a gradient echo pulse sequence (TR: 100 ms, TE: 3 ms, 
field-of-view: 21 cm, slice thickness: 8 mm, flip angle: 60 degrees, averages: 4, image matrix 160 
X 160).  The overlaid shapes represent the tracking coil location relative to the soft-tissue anatomy 
in the MRIs.  If the tracking coils are numbered consecutively starting with the one closest to the tip 
of the feeding tube they are represented by: Coil 1-red square, Coil 2- blue circle in A and B, and a 
green circle in C and D, and Coil 3- pink triangle.  In C and D a yellow circle is used to represent a 
virtual coil indicating the tip of the feeding tube.  The blue line represents the feeding tube itself.  In 
this series of images, the feeding tube is pulled through the duodenum A, then coil 3 (pink triangle) 
is pulled through the pylorus B, next coil 2 (green circle) is then pulled through the pylorus C, 
lastly the remainder of the feeding tube is pulled through the pylorus and into the stomach D.  A 
and B are coronal image slices and C and D are axial image slices. 
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Figure 6.3-6 MRI image acquired with a gradient echo pulse sequence (TR: 100 ms, TE: 3 ms, 
field-of-view: 21 cm, slice thickness: 8 mm, flip angle: 60 degrees, averages: 4, image matrix 
160 X 160).  The image was acquired in the sagittal plane.  Tracking signals are overlaid on the 
MR image during MR-guided feeding tube manipulation in the stomach.  If the tracking coils 
are numbered consecutively starting with the one closest to the tip of the feeding tube they are 
represented by: Coil 1-red square, Coil 2- green circle, and Coil 3- pink triangle.  The yellow 
circle is used to represent a virtual coil indicating the tip of the feeding tube.  The feeding tube 
is curved around the stomach with the fiberglass guidewire. 
6.3.2.4 Feeding Tube Manipulation in the Stomach to Reach the Pylorus 
 Similar to the X-ray guided experiments, manipulation of the feeding tube around the 
stomach in an attempt to reach the pylorus was difficult.  Without a guidewire it was challenging 
to steer the feeding tube around the stomach.  The MR compatible fiberglass guidewire helped to 
stiffen the feeding tube and manipulate it through tight turns in the stomach.  The guidewire was 
not readily visible with MRI since it did not contain tracking coils making precise navigation 
difficult (Figure 6.3-6).  The fiberglass guidewire broke inside the lumen of the feeding tube 
after only 15 minutes of use.  The feeding tube was completely removed from the rabbit when 
the guidewire broke, and the broken segment of guidewire retrieved from the catheter.  The 
pylorus was not reached in this stage of the experiment. 
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Figure 6.3-7 MRI images acquired with a gradient echo pulse sequence (TR: 100 ms, TE: 3 
ms, field-of-view: 21 cm, slice thickness: 8 mm, flip angle: 60 degrees, averages: 4, image 
matrix 160 X 160).  A and B are coronal image slices, and C and D are axial image slices.  
Tracking signals are overlaid on the MR images during MR-guided feeding tube insertion.  
The feeding tube is guided through the esophagus A and C.  Note that due to the imaging 
plane all of the coil shapes are overlaid on top of each other in C.  The tube is then navigated 
into the stomach B and D.  Note that the shapes are spread out in D once the tracking coils 
reach the stomach allowing them to move in the anterior direction. 
6.3.2.5 Feeding Tube Insertion and Placement 
 The MR-guided nasojejunal feeding tube was successfully guided through the mouth, 
down the esophagus (Figure 6.3-7A and C) and into the stomach (Figure 6.3-7B and D) of the 
rabbit.  All three MR tracking coils provided high SNR and good peak shapes during tube 
insertion.  Without a guidewire, the feeding tube was not able to be navigated through the 
stomach to the pylorus.  Under MR guidance, the pyloric sphincter was never reached and thus 
neither was the duodenum and jejunum (except during extraction of the tube which was placed 
under X-ray guidance). 
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6.4 Discussion 
 In this study, the placement of a novel neonatal MR nasojejunal feeding tube was 
demonstrated under both conventional X-ray guidance and non-conventional MRI guidance.  
The X-ray experiments revealed the complexity of placing both a conventional feeding tube and 
the novel MR-guidable tube in a rabbit.  Secondly, it was shown that the MR-guidable feeding 
tube could be successfully placed in the distal duodenum under X-ray guidance with the 
assistance of a metal guidewire.  Next, the MR-guided experiments demonstrated that the novel 
MR-guidable feeding tube allowed for real-time three-dimensional localization of the feeding 
tube during in vivo manipulation.  MR also provided high quality images of soft tissue anatomy 
which was only partially possible with a contrast agent during X-ray feeding tube guidance. 
 
6.4.1 X-ray Guidance 
 X-ray guidance of the feeding tube revealed the challenge of placing a NJ feeding tube in 
a rabbit.  A rabbit stomach is anatomically different than the stomach of a baby.  The stomach of 
a New Zealand White rabbit can hold on average 100 ml of fluid (193).  The stomach of a baby 
is on average 5 times smaller with an average capacity of 20 ml of fluid (154).  The larger 
stomach of the rabbit likely increased the difficulty of placing an NJ tube under X-ray guidance.  
The large stomach caused increased feeding tube coiling which compromised accurate 
navigation.  Additionally, a rabbit stomach has both the esophagus and duodenum attached to the 
superior part of the stomach.  Conversely, a baby stomach has the esophagus attached superiorly 
and the duodenum attached laterally.  This anatomical difference made NJ tube placement 
challenging since the feeding tube was required to make approximately a 180 degree turn once in 
the stomach.  
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6.4.2 MR Guidance 
 The advantages of active MR guidance of NJ feeding tubes includes the ability of MRI to 
visualize the soft tissue gastrointestinal anatomy (esophagus, stomach, duodenum, and jejunum) 
which is only partially visible in X-ray images with a contrast agent.  First, it was demonstrated 
that multiple solenoid tracking coils could provide real-time visualization of the feeding tube 
during manipulations through the gastrointestinal tract.  Second, the MR-guidable feeding tube 
could be successfully navigated through the esophagus and into the stomach (but was not able to 
reach the pylorus, duodenum, or jejunum).  Lastly, active MR tracking permitted in vivo feeding 
tube localization without subjecting the interventional radiologist or the rabbit to ionizing 
radiation. 
 The benefits of MR guidance of the NJ feeding tube were evident despite not reaching 
the pylorus, duodenum, or jejunum.  The tracking coils of the MR-guidable feeding tube 
provided enough of a representation of the feeding tube curvature to accurately assess the 
location of the tube within the rabbit.  Also, MRI allowed the imaging slice to be acquired in any 
plane (axial, sagittal, coronal, or oblique) without physically moving the rabbit or any component 
of the MRI scanner.  In contrast, X-ray guidance required the animal or c-arm to be rotated in 
order to change the imaging plane which was both difficult and cumbersome. 
 
6.4.3 Study Limitations 
 Blurring of the MR images occurred due to respiratory and cardiac motion degrading MR 
image quality.  The blurring was not sufficient to mask the imaged anatomy, but the lack of 
respiratory and cardiac gating was a limitation of this study.  In future studies, a pediatric 
bellows will be used to respiratory gate during image acquisition which will likely improve 
image quality. 
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 Another limitation was the lack of a robust MRI compatible guidewire.  During X-ray 
guidance, it was apparent that a guidewire was necessary to navigate the feeding tube through the 
stomach to the pylorus.  The MR compatible fiberglass rod was not strong enough to withstand 
bending, and thus did not provide the needed strength to reach the pylorus under MRI guidance.  
Future experiments will require a more robust MRI compatible guidewire (ideally with a 
deflectable tip) to manipulate the tube in the stomach to the pylorus.  
 
6.5 Conclusions and Accomplishments 
 A novel nasojejunal MR-guidable feeding tube was placed with both conventional X-ray 
guidance and non-conventional MR-guidance.  Navigation of the feeding tube through the 
gastrointestinal tract was difficult due to anatomy of the rabbit’s stomach.  Eventually, the MR-
guidable feeding tube was guided to the distal duodenum under X-ray guidance with the help of 
a metallic guidewire.  This required approximately 30 minutes of X-ray exposure.  Next, it was 
shown that the feeding tube position and curvature could be easily determined relative to the 
surrounding soft tissue anatomy with MR device guidance.  The three feeding tube mounted 
tracking coils provided tracking signals with high SNR and good peak shape which lead to 
accurate and precise tracking of the feeding tube regardless of the location within the rabbit.  
Despite failing to reach the pylorus with MR guidance, the feasibility of an MR-guided feeding 
tube placement was demonstrated.  Moreover, the need for an MR compatible deflectable 
guidewire for future MR feeding tube animal studies was made apparent.   
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Chapter 7: Conclusion and Future Directions 
 
7.1 Conclusion 
The research presented in this dissertation focused on the development and testing of a 
novel MR-guidable feeding tube for neonates.  The intention was to show that magnetic 
resonance has the potential to guide nasojejunal feeding tube placements in neonates and provide 
improved device visualization over current fluoroscopic methods without ionizing radiation.  
This research addresses definitive challenges: 1) the size mismatch between an adult sized MR 
scanner and the neonate, 2) inaccuracies in active MR tracking caused by non-ideal conditions, 
3) RF heating of the conducting wires used to connect MR tracking coils to the MRI system, and 
4) design and testing of NJ tubes which can be reliably placed under MR-guidance.  These 
challenges were addressed in chapters 2 through 6.   
In Chapter 2, the size mismatch between conventional adult sized MR scanners and the 
neonate was addressed (challenge 1).  Two novel small-footprint neonatal MRI scanners were 
developed and tested.  One of these MRI scanners is now sited directly in the NICU at CCHMC 
and is routinely used for clinical scanning of neonates.  The other neonatal MRI serves as a 
neonatal preclinical research testing scanner.  These novel neonatal MRI scanners have had a 
wide impact on neonatal care at CCHMC, and in terms of this research provided the ability to 
research the feasibility of an MR guidable feeding tube for neonates 
In Chapter 3, two methods (centroid pixel and micro-transmit tracking) to improve the 
accuracy and precision of active MR tracking were introduced and tested (challenge 2).  The 
combined benefit of these new methods provide device tracking accuracy of 0.52 mm and 
precision of 0.34 mm.  These methods were shown to be particularly important in non-ideal 
conditions such as those experienced during the MR guided feeding tube placement (body 
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cavities partially filled with air which has no MR signal).  The improvements in accuracy and 
precision offered by these methods were a necessary step towards an MR guidable feeding tube 
placement in neonates since the feeding tube (6.28 mm) diameter is required to be guided 
through the stomach and to the pylorus (9 mm) diameter (155). 
 In Chapter 4 the environmental factors and device parameters which lead to dangerous 
amounts of RF heating of long conducting structures in the MRI environment were explored 
(challenge 3).  Two novel methods to reduce RF heating (electrical length modulation and 
dielectric bands) were introduced.  Since the MR guidable feeding tube developed in chapter 5 
has long conducting coaxial cables which attach the tracking coils to the MR system, a complete 
understanding of the mechanisms of RF heating was required before proceeding to animal or 
future human studies. 
 The design of the MR guidable guidewire and feeding tube was presented in Chapter 5 
(challenge 4).  At first a MR guidable guidewire approach was investigated, but after the 
fiberglass rod in ten guidewire prototypes broke due to bending, an MR guidable feeding tube 
was instead developed.  The design revision process culminated in five fully functional 
prototypes which were later used for the pilot animal experiments described in Chapter 6 
(challenge 4).  
 
7.2 Future Directions 
The animal study described in chapter 6 served as a pilot study to assess the feasibility of 
placing a nasojejunal feeding tube under MR guidance.  The bulleted list below outlines several 
complications encountered during this pilot animal study as well as potential remedies for future 
animal experiments. 
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• Complication: A stiffening device such as a guidewire is essential to allow proper steering of 
the feeding tube.  Conventional metallic guidewires are not safe to use in the MR environment 
due to the potential of RF heating. 
Potential Remedy 1:  If further refinement of the RF heating reduction strategies introduced in 
sections 4.4.1 and 4.4.2 leads to a method to significantly reduce RF heating of conducting 
structures, then conventional metallic guidewires could potentially be made safe for use in future 
experiments.   
Potential Remedy 2:  The MR guidable feeding tube could be redesigned to allow for tip 
deflection and thus device steering.  This could potentially be accomplished with thin pull strings 
which run through the lumen of the feeding tube and attached to the tip of the device.  Pulling the 
strings could deflect the tip of the tube enhancing the maneuverability of the feeding tube. 
Potential Remedy 3:  The MR guidable guidewire could be redesigned in an attempt to reduce 
breakage.  Further research after the animal experiments yielded a recent journal article which 
details a MR compatible deflectable guidewire (194).  This guidewire utilizes a semi-crystalline 
thermoplastic PEEK and a short Nitinol tip.  A pull wire run down the shaft of the guidewire 
allows for tip deflection.  It is possible that a similar design could be used for MR guided 
nasojejunal feeding tube placements. 
 
• Complication: The guidance of the nasojejunal feeding tube through the stomach to the pylorus 
(under X-ray or MR guidance) is more challenging in a rabbit than a neonate due to the anatomy 
of the stomach. 
Potential Remedy 1:  At CCHMC our veterinary facility houses pigs, rabbits, monkeys, sheep, 
fish, rats, and mice.  Investigation of other animal models which would work for this application 
was performed (pig, monkey, sheep).  The monkey is the only animal model whose stomach 
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anatomy resembles that of a human stomach.  The logistics and costs of performing these 
experiments in monkeys is daunting, therefore we will likely proceed with the rabbit animal 
model despite the challenges. 
 
• Complication: Thick stomach contents (hair and food) in the stomach of the rabbit created 
roadblocks which complicated nasojejunal feeding tube placement. 
Potential Remedy 1:  The rabbit will be fed an all liquid diet 3 days leading up to the 
experiment in order to minimize any solid material in the stomach.   
Potential Remedy 2:  A large tube will be used to aspirate the stomach contents before the 
experiment. 
 
• Complication: Respiratory motion can cause blurring in the acquired MR images which can 
compromise image quality.   
Potential Remedy 1:  MR images will be acquired with a respiratory bellows.  The pulse 
sequence will be synchronized with the respiration of the rabbit in order to reduce motion 
artifacts.  The neonatal scanner already supports this feature, but the pediatric bellows might 
need modification to properly function with a rabbit. 
  
In summary, future experiments which address the complications listed above are 
necessary before the hypothesis of this dissertation (stated in section 1.5) can be fully tested.  
The roadmap for these future experiments is depicted in Figure 7.2-1.  An R21 grant has been 
submitted in order to provide financial support the majority of these future experiments. 
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A1 
 
Appendix 
 
A1. My Contributions to the Neonatal MRI Scanners 
The neonatal scanner development and testing involved many faculty, staff, and graduate 
students at CCHMC.  This section details my direct contributions to the project: 
 
 
 
 
 
 
 
 
 
 
 
A2. LCD Microcontroller C code 
#include "16f886.h" 
#fuses HS, NOWDT, NOPROTECT, BROWNOUT, NOLVP, PUT, NODEBUG 
#use delay(clock = 8000000) 
#define LCD_RS_PIN      PIN_C1  
#define LCD_RW_PIN      PIN_C2  
#define LCD_ENABLE_PIN  PIN_C3          
                           
#define LCD_DATA4       PIN_C4                                    
#define LCD_DATA5       PIN_C5                                    
#define LCD_DATA6       PIN_C6                                    
#define LCD_DATA7       PIN_C7 
#include <lcd.c> 
 
#initializes variables 
boolean changeDisp = TRUE; 
Figure A1-1 Block diagram to detail my contributions to the neonate project.  The boxes 
with a green background indicate aspects of the development and testing of the neonatal 
scanner where I made substantial contributions.  In system design this involved schematic 
design, circuit board billing, and writing custom computer code.  In custom RF coils my 
primary responsibility was helping with the circuit and mechanical design.  Lastly, in the 
various studies I made substantial contributions to the research presented in each paper as 
well as helped write the scientific papers. 
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int state=0; 
int temp=0; 
 
#Implements Interrupts to update the display 
void interrupt_rb (void){ 
 delay_ms (20);  
 changeDisp = TRUE; 
 state = input_b() >> 4; 
 while(temp < 150){ 
  temp++; 
  if(state != input_b() >> 4){ 
   state = input_b() >> 4; 
  } 
 } 
 temp=0; 
} 
 
void main() { 
   #arrays of characters which store the positions and orientations for display 
   char * patientOr[16]; 
   char supine[7] = {"Supine"}; 
   char prone[6] = "Prone"; 
   char rightDecub[16] = "Right Decubitus"; 
   char leftDecub[15] = "Left Decubitus"; 
 
   char * patientPo[16]; 
   char feetFirst[11] = "Feet First"; 
   char headFirst[11] = "Head First"; 
  
   patientOr[0] = supine; 
   patientPo[0] = feetFirst; 
  
   patientOr[3] = rightDecub; 
   patientPo[3] = feetFirst; 
  
   patientOr[5] = leftDecub; 
   patientPo[5] = feetFirst; 
  
   patientOr[6] = prone; 
   patientPo[6] = feetFirst; 
    
   patientOr[9] = leftDecub; 
   patientPo[9] = headFirst; 
    
   patientOr[10] = supine; 
   patientPo[10] = headFirst; 
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   patientOr[12] = prone; 
   patientPo[12] = headFirst; 
    
   patientOr[15] = rightDecub; 
   patientPo[15] = headFirst; 
     
   #initializes the LCD Screen 
   lcd_init(); 
 
   #clears the interrupts 
   clear_interrupt(INT_RB);  
    
   #enables the interrupts 
   enable_interrupts(int_rb); 
   #clears global interrupts 
   enable_interrupts(global);  
 
   state=input_b() >> 4; 
  
   while(TRUE) 
   { 
   #Checks to see if the system is in GE mode.  If the system is in GE mode then LCD 
displays System in GE mode! 
   if(input(PIN_A0)==TRUE){ 
         disable_interrupts(int_rb); 
   disable_interrupts(global); 
         printf(lcd_putc,"\fSystem Currently in GE Mode!"); 
   while(input(PIN_A0)==TRUE); 
   changeDisp=true; 
   enable_interrupts(int_rb); 
   enable_interrupts(global); 
          
      } 
   #Checks to see if the system is in ONI Mode.  If it is it reads the input pin states from 
the relays and displays the corresponding orientation and position. 
   else if(changeDisp==TRUE){ 
    changeDisp = FALSE; 
    if(state==0x01 || state==0x02 || state==0x04 || state==0x07 ||  
     state==0x08 || state==0x0B || state==0x0D || state==0x0E){ 
 
    printf(lcd_putc,"\fInvalid Orientation\nPlease Set to a Valid 
Configuration"); 
 
     }   
    else if(state==0x00 || state==0x03 || state==0x05 || state==0x06 ||  
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     state==0x09 || state==0x0A || state==0x0C || state==0x0F){ 
    printf(lcd_putc,"\f");  
    printf(lcd_putc,"Patient Orientation: ");       
    printf(lcd_putc,patientOr[state]); 
    printf(lcd_putc,"\n   ");  
    printf(lcd_putc,"Patient Position: ");  
    printf(lcd_putc,patientPo[state]); 
    } 
    else{ 
    state=input_b() >> 4; 
    changeDisp = TRUE; 
    } 
      } 
   #delay implemented to slow down processing a bit and implement switch debouncing 
      delay_ms (20); 
     
   } 
} 
 
 
 
 
A3. Electrical Length Modulation circuit code: 
 
A3.1 Linear Algorithm 
 
(The speed can be varied by changing the usecDelay and/or msecDelay values) 
#define    __PIC30F3012__ 
#define FCY 737000UL     //Defines the operating frequency 
#include "p30F3012.h" 
#include "libpic30.h" 
 
short count=0; 
int usecDelay=0;  //Set this number to define delay in us 
int msecDelay=500; 
 
int states[32]= 0x77, 0x67, 0x57, 0x47, 0x37, 0x27, 0x17, 0x07, 0x75, 0x65, 0x55, 0x45, 
0x35, 0x25, 0x15, 0x05, 0x73, 0x63, 0x53, 0x43, 0x33, 0x23, 0x13, 0x03, 0x71, 0x61, 0x51, 
0x41, 0x31, 0x21, 0x11, 0x01; 
 
int main (void) 
{  
 ADPCFG= 0; 
 TRISB= 0; 
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PORTB=0; 
while(1){ 
while(count < 31){ 
PORTB= states[count]; 
__delay_ms(msecDelay); 
count++; 
} 
while(count > 0){ 
PORTB= states[count]; 
__delay_ms(msecDelay); 
count--; 
} 
} 
return 0; 
} 
A3.2 Random Length Modulation 
(The speed can be varied by changing the usecDelay and/or msecDelay values) 
#define    __PIC30F3012__ 
#define FCY 737000UL     //Defines the operating frequency 
#include "p30F3012.h" 
#include "stdlib.h" 
#include <time.h> 
int usecDelay=0; //Set this number to define delay in us 
int msecDelay=500; 
int randomstate=1; 
int states[41]= 0x78, 0x68, 0x58, 0x48, 0x38, 0x28, 0x18, 0x08, 0x77, 0x67, 0x57, 0x47, 
0x37, 0x27, 0x17, 0x07, 0x75, 0x65, 0x55, 0x45, 0x35, 0x25, 0x15, 0x05,0x73, 0x63, 0x53, 
0x43, 0x33, 0x23, 0x13, 0x03, 0x71, 0x61, 0x51, 0x41, 0x31, 0x21, 0x11, 0x01, 0x00; 
int main (void) 
{ 
ADPCFG= 0; 
TRISB= 0; 
PORTB=0; 
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 while(1){ 
   randomstate = rand() % 43; 
   PORTB= states[randomstate]; 
   __delay_ms(msecDelay); 
 } 
 
 return 0; 
} 
 
